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ABSTRACT 
An apparatus has been constructed which applies a 
Quadrupole Mass Spectrometer to the measurement of the 
kinetics of thermal decomposition in a classical static 
reactor . Design features of the apparatus are described. 
The operation of the system has been verified by the 
re - examination of the thermal decomposition of !-butyl 
isopropyl ether . The study gave the overall rate equation 
+ 
k 1 = 10
13
·
19 
-
0
·
36 exp(-228.7 ! 5 . 0 /RT) 
which compares with the existing value 
10 13 - 37 exp( - 232 . 3 + 1 . 9 /RT) 
+ 10 12 · 96 exp( - 236.3 ! 4 . 0 /RT) 
obtained by pressure studies. 
-1 
sec 
-1 sec 
The system has been used to study the thermal reactions 
of ! - butyl phenyl ether(t - BuOPh) and !-butyl p-methylphenyl 
ether( t - BuOpMePh) . The reactions were found to be 
unimolecular eliminations described by the rate equations 
k 1 (tBuOPh) 
+ 
- 10 14 · 17 - 0 · 19 exp(-211. 2 ! 2. 3 /RT) 
+ 
k 1 (tBuOpMePh) = 10
14
· 19 - O. 35 exp(-211. 3 ! 4. 3 /RT) 
which appear to be homolytic eliminations proceedi ng 
through four-centred transition states. 
-1 sec 
-1 
sec 
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CHAPTER I 
INTRODUCTION 
. .... 
1.1 
The thermal decompositions of a number of aliphatic ethers 
have been studied in recent years. Dimethyl and diethyl ethers 
are considered to be entirely radical - chain reactions although 
a small molecular contribution has been suggested for diethyl 
ether . 1 , 2 , 3 More recent studies have shown that increased 
branching in the alkyl structure leads to the reaction taking 
4 5 6 
on more of a molecular character . ' ' 
Dimethyl ether was first studied by Askey and Hinshelwood7 
who concluded that the reaction was first order with respect to 
ether and underwent pyrolysis according to the stoichometry 
The formaldehyde concentration builds up to a maximum 
about halfway through the reaction and under the pyrolytic con-
ditions (temperature range 500° to 550°c) finally decomposes 
to carbon monoxide and molecular hydrogen. A number of workers 
postulated Rice - HerzfeldB radical - chain mechanisms to account 
for this simple integral order . The work of Benson and Jain9 
confirmed Benson ' s suspicions that the order was in fact three-
halves with respect to ether and obtained a rate constant 
described by the equation 
k _ !-,; -1 
k = 1.3 x 1015 exp (-SS,600/RT)CC 2 mole 2 sec 
They concluded that the mechanism was of the 1 BBo/ 2 type where 
this terminology refers to the initiation , propagation and 
termination steps which determine the kinetic order of the 
process . Thus in other designations \B 3 / 2 , superscript 1 
denotes a first order initiation process, BB denotes termination 
.. 1 . 2 
1 . 2 
by the combination of two B radicals and subscript 3/2 denotes 
the overall order of the process . B rad:ica l s are defined as 
those which undergo bimolecular propagation reactions ; µ 
radicals are defined as those which undergo unimolecular propa-
gation reactions . Often energetic considerations require the 
presence of a third body , denoted M, in the termination and 
propagation steps . 
The classification of initiation , propagation and termin-
ation steps for Rice - Herzfeld mechanismshave been examined by 
Goldfinger et az.10and is summarized in TABLE 1 . 1 . 
TABLE 1 . 1 
Overall Orders of Reaction for Various 
Types of Initiation and Termination Reactions . 
First-order initiation Second - order initiation Overall 
Order 
Simple 
termination 
BB 
µµ 
Third- body 
termination 
SSM 
BµM 
µµM 
Simple 
termination 
BB 
µµ 
Third- body 
termination 
SB M 
Sµ M 
µµ M 
2 
1 
k 2 
0 
Benson and Jain assumed the reaction of the S radicals for 
the pyrolysis of dimethyl ether 
. . . 1 . 3 
.... 
to be an important terminating step together with the com-
bination of 8 radicals represented by the reactions 
. . 
and 2CH 20CH2 ~ (CH20CH 3) 2 
initiation was considered to be first - order , involving the 
fission of t h e C- 0 bond 
CH30CH3 ~ ·CH3 + CH3~ 
1.3 
Laidler and McKenney 2 disagreed with Benson as results of 
carrying out the reac t ion i n the presence of hydrogen sulphide 
strongly suggested that the initiation step is in fact second 
3 2 
order allowing the mechanism 6SM312 and 8µ 3 12 to be the only 
possibilities . The addition of inert gases to the reaction 
2 
mixture showed little change in rate suggesting that SSM 31 2 is 
the c orr ect c hoice of these two. The main terminating reaction 
was required to i nvol v e thi r d - body participation to lead to the 
observed kinetics , and is SSM as represented by the reaction 
+ M 
Although decomposition in the presence of nitric oxide, 
a free - radical reaction inhibitor , suggested some molecular 
character , more recent work refutes this evidence 2 . 
The stoichometry of the pyrolysis of diethyl ether is 
represented by the equations 
and 
.. 1. 4 / 
1. U 
The first reaction is considered to be molecular since 
nitric oxide does not inhibit the observed rates . 2 The 
acetaldehyde and ethane of the second reaction decompose 
further to CH 4 , CO , C2 H4 and H2 • The overall order ranges 
between 1 and 3/2 , being higher with higher initial pressure of 
ether . 11 
Daly and Stimson12 studied the decompositon of di -
isopropyl ether in the range 423-487°c and found that propene 
and isopropanol r70 - 90%) and propane and acetone (10-30%) were 
formed . Productjon of the minor products was found to be 
significantly inhibited by isobutene . The decomposition was 
explained in terms of a 3/2 order process forming propane, 
acetone , isopropanol and propene and a 1.0 order process forming 
isopropanol and propene . The reaction forming all four 
products was considered to involve a radical mechanism believed 
to be a 1 ss 312 process . The first order process forming iso-
propanol and propene is considered to be a unimolecular process. 
Daly and Wentrup studied the more highly branched t-but~l 
methyl ether5 and t-butyl ethyl ether. 6 The methyl ether de-
composition rate was measured in the range 433 - 495°c and found 
to follow first order kinetics, the products being isobutene 
and methanol . The simplicity of the products and the lack of 
inhibition by isobutene point to the reaction being a unimole-
cular elimination via the transition state (I) 
... 1 . 5/ 
1.5 
C ---- 0 
(I) 
t - Butyl ethyl ether also decomposed by a first order uni -
molecular process probably via the transition state (II) 
C 
H C 
2 
I 
I 
I 
(II) 
0 
I 
I 
H 
Daly and Ziolkowski 4 also carried out a study of the py -
rolysis of t-butyl isopropyl ether . Two first - order uni -
molecular processes were identified and lead to the products 
isobutene and isopropanol , and propene and t - butanol. Likely 
transition states are ( II) and (IV) 
Me Me 
Me r, 0 Pri But 0 CH V 
I : I I I I 
H2 C-- .... H H CH2 
(III) (IV) 
Isobutene was found to be formed about 5 times faster 
than propene over the temperature range 409 - 475°C . The 
. . 1. 6/ 
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results of these studies show that whereas Rice - Herzfeld 
mechanisms are the favoured mode of decomposition for the 
simpler ethers such as dimethyl and diethyl ethers, increased 
branching of the alkyl portions of the molecule confer an 
advantage in competitiveness of the unimolecular eliminations. 
This trend has been summarised by Daly and Ziolkowski 
4 
and 
presented in Table 1.2. 
TABLE 1 . 2 
Ether Mechanism Kinetic Order Ref . 
MeOMe free radical 1.5 
EtOEt free radical 1 .5 
i Pr OPr i unimolecular (80%) + free 1 . 0 & 1.5 
radical (20%) 
t Bu OMe unimolecular 1.0 
ButOEt unimolecular 1.0 
ButOPri unimolecular 1.0 
a . Mc Kenney , D . J . , and Laid 1 er , K . J . , Can . J. Chem . ., 19 6 3 , 
41., 1984, 1993 
a 
b 
C 
5 
6 
4 
b . Anderson , K. H., and Benson , S .W., J . Chem . Phys • ., 1962 , 36., 
2320 
c . D a 1 y , N . J . , and St i ms on , V . R . , A us t . J. Chem . ., 19 6 6 , 19., 2 3 9 
Aromatic ethers have received little attention . The 
11 preliminary results of Steele suggested that t - butyl phenyl 
ether undergoes an elimination leading to isobutene and phenol 
formation . 
. . 1. 7 I 
1,7 
The reaction appears to be substantially unimolecular although 
there appeared to be a small contribution from competing 
processes which remained uncharacterised and could be 
heterogeneous. 
The aromatic ethers provide a useful -model system to examine, 
since, if the reaction can be characterised as unimolecular 
elimination this would provide the basis for a future extension 
to examine the applicability of a linear-free energy relation-
ship of the type represented by the Hammett equation in the 
gas-phase . 
This study reports on the construction and development of 
a classical static reactor which uses a Quadrapole mass-
spectrometer with direct inlet into the reacting gas system to 
replace the classical pressure measurement devices. The 
results given by the apparatus have been verified by studying 
the thermal decomposition oft-butyl isopropyl ether and has 
been applied to characterise the reactions oft-butyl phenyl 
ether and t-butyl p-methylphenyl ether. 
CHAPTER 2 
EXPERIMENTAL 
• 
2.1 
Reactions were carried out in a classical static reactor 
into which a QUAD 1100 (EAI) mass spectrometer had been in-
corporated as the detector system . The configuration of 
the apparatus is described in Figs . 2 . 1 and 2 . 2 . The general 
methods for handling gases and measuring pressures have been 
fully described by Steele13 and are summarized b,elow . 
2 . 1 Pressure Measurement 
2 . 1 . 1 Optical Gauge and Transducer 
Pressure measurements were carried out by means of a glass -
diaphragm optical gauge of the type described by Swinbourne 14 . 
The gauge was calibrated for " zero error" as described by 
Steele13 . 
Pressure measurements were also carried out using a Bell & 
Howell model no . 4- 316 - 0002 pressure transducer . This trans -
o 0 ducer was temperature compensated over the range - 25 to +315 C 
and had a range of zero to 1000 torr . Bridge voltage was 
supplied at 5 . 00 volts to a stability of better than 0 . 4% 
over several hours . The device was situated in the place of 
the optical gauge and was always operated within the temper -
ature compensated range . The output was fed to a chart re -
corder allowing pressure to be directly recorded as a function 
of time . 
However , under the experimental conditions the output from 
the transducer became unstable . The major cause for this 
appeared to be the deposition of pyrolytic carbon on the 
sensing surface and this brought about changes in the mech -
anical characteristics resulting in a significant zero drift . 
. . 2. 2/ 
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2 . 2 
The transducer was a differential type , one side being 
maintained under a vacuum of 0 . 1 torr or better , thus 
making it an absolute reading device . Initially output W3S 
very c lose to zero volts with vacuum on both sides of the 
sensing diaphragm . After deposition of products from several 
pyrolyses several cm . Hg pressure was required on the reference 
side to again return output to zero volts with vacuum on the 
measuring side . Clearly the transducer could not be used in 
this environment and was removed from the system . Subsequent 
pressure data were measured using an optical gauge in con-
junction with a digital manometer . 
2 . 1 . 2 Digital Manomete r 
The measurement of pressure was facilitated by the develop-
ment of a digital manometer which gave an automatic read - out 
in torr of the measured pressure . 
The principle of the manometer is illustrated in Fig . 2 . 3. 
p 
Fig . 2 . 3 
Digital Manometer 
.. 2. 3/ 
1 K 
2.3 
A motor (M) drives a spindle S which is directly coupled to 
a Beckman 10 turn, lK potentiometer. A continuous loop of 
piano wire takes a few turns around the spindle, the other 
end of the loop being pulley (P) at the top of the manometer. 
The loop is tensioned by a strong spring (SS). The motor 
is driven by signals from the inductive coil assembly (C), 
carried on the piano wire, and which seeks a plug of ferrite 
which is floated on the surface of the mercury in the manometer 
tube . In practice a second signal device, a light sensitive 
diode incorporated in the bottom of the inductive coil 
assembly, directs movement of the coil until it is close 
enough for the ferrite core seeking circuit to operate . Thus if 
the core has not be e n sensed and the diode is off, the coil 
is driven upwards; if the diode is on, the coil is driven 
downwards . The resistance value of the Beckman potentio -
meter forms the basis of the pressure reading, being trimmed 
electronically such that the reading on the 20V range of a 
FLUKE Digital Multimeter model 8000A is in torr. 
2 . 2 The ' QUAD ' System 
2 . 2 . 1 Configuration of the System 
The apparatus developed in this study for the measurement 
of reaction rates has quite clearly defined subsections which 
are represented in Figs . 2.1 and 2 . 2. 
Fig . 2 shows the first two of these sections . They are the 
glass vacuum line used for sample preparation (referred to 
hereafter as the H. V. section) and the reactor. These two 
.. 2/4 
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sections constitute a classical static system and can 
function as such . The molecular leak (L) marks the boundary 
between the Reactor and the third section , the U. H. V . system 
(see Fig . 2 . 2 ) which includes the QUAD mass spectrometer . 
Associated wi t h the H. V . and U. H. V . subsystems are elect -
rical subsystems . Figure 2 . 4 is a schematic of the electrical 
equipment for the H. V . system and Fig . 2.5 shows the QUAD 
head and the equipment necessary to service it . These various 
subsystems are d iscussed below . 
H. V. System 
The H. V. system is made up of a glass vacuum line (Fig . 2 . 1) 
coupled to a three - stage mercur y d i ffusion pump backed by a 
Metrovac GDRl rotary pump . The pumping system is capable of 
• ...... 4 t producing pressures lower than 10 orr . The cold traps , 
Nl , N2 , N3 , Sl , S2 are connected to the line by means of ground 
glass j oints greased with Apiezon N grease or Dow Corning H. V. 
Silicone grease . Tap vessel V and U- bend U2 are connected in 
a similar manner . 
All taps except for Tl and T2 are greaseless Springham types 
with viton diaphragmsand are of either 4 mm or 10 mm bore. Tap 
T2 is an all glass crank type and "pot ..... tap" Tl is a Safety 
Pattern type ( High vacuum , hollow key , Springham Cat . No. 
SSP/4/B) . 
Manometer , Ml, is the digital manometer which is calibrated 
using M2 . 
. . 2 . 5/ 
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Bl , B2 and B3 are 5 1 bulbs used to hold gases and are 
covered with glass fibre tape to protect the operator from 
injury in the event of implosion . 
The optical gauge , MB , has been described previously14 . 
2.5 
The section of the line between tap Tl , gauge MB and the 
reaction vessel R is of 2 mm bore capillary tubing which is a 
compromise between the demands to minimize reactor "dead-
space " and achieve practical pumpout times . This tube is 
wrapped alternate l y with~ " asbestos tape and flat nichrome 
resistance wire (Brightray C, 1 . 7 ohm/ft) to a total of c . 
45 ohm allowing the capillary tube to be heated electrically 
to prevent condensation . Two independent circuits were used 
and current was controlled by 2 . 1 A VARIACS. One circuit 
heated the vertical section to the optical gauge and the 
second circuit was made up of the sections to the left and 
right of the optical gauge connected in series. This arrange-
ment facilitated even heating and replacement of the optical 
0 gauge . Three 0- 300 C thermometers were incorporated into 
the asbestos winding at different places to monitor temperature. 
The optical gauge was heated by a small radiative heater con-
trolled by a 2 . 1 A VARIAC . 
The U- bend Ul was used to introduce sample into the reactor 
using the "distil in" technique 1 3 
The Reactor 
The reactor, R, was a cylindrical PYREX glass vess e l 50 mm 
in diameter and 150 mm long . The reacto r vessel sat i n a snugly 
fitting cavity in a cylindrical aluminum block (250 mm de ep 
and 90 mm diameter. The block had two further small we lls 
for a Pt/Pt - lo% Rhodium thermocouple and a 10 ohm Pl a tinum 
.. 2 . 6 I 
I .... 
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resistance thermometer . A split aluminum cap allowed passage 
of these together with the inlet and outlet of the reactor . 
The block was insulated with asbestos sheet and wound with 
resistance heating wire ( Brightray C , 1 . 7 ohm/ft) in a 
manner ensuring no significant temperature gradients existed 
in the central portion of the block . The aluminum cylinder 
was then set into a hexagonal block of the ceramic pyro -
phyllite 18 0 mm across , this block also having a split cap 
35 mm thi c k . 
Temperature was controlled by means of an AEI RT5/R Mk . 2 
Temperature Controller with an AEI RS4 XVI Power Regulator 
0 and was maintained constant to ±0 . 2 C. A Platinum resistance 
thermometer was the sensor . The Pt/Pt - 10% Rhodium thermocouple 
(calibrated by National Bureau o f St andards , CSIRO , Sydney) 
was used in conjunction with either a Cambridge or a Pye 
potentiometer to measure temperature. An ice bath was used 
as the c ol d junction of the thermocoup l e . Emfs of the thermo -
couple were measured to a precision of 0.001 millivolts . The 
wells in t h e f u r n ace b lock for the thermocouple and platinum 
resistance thermometer were 7 mm by 150 mm deep and as close 
to the reaction ves se l as ossible . 
The furnace block was set upon firebrick inside an aluminium 
shell and insulated with vermiculite beads . The cylinder was 
then placed concentrically within three concentric polished 
aluminium cylinders, the outer two cylinders having lids. 
These split lids were provided with holes for th e inlet and 
outlet holes of the reactor and for the two temperature sensors 
. . 2 . 7 / 
I,.. 
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and fitted snugly to prevent air circulation . 
I //1 / 1 Aluminium 
'\~ P.yrophylli te 
Fig . 2 . 6 
Reactor 
Fire - brick 
't'-. Aluminium sheet 
The Leak Connecting the Reactor and Mass Sp-ectrometry 
The sampling leak had to be such that at pressures of c. 500 
torr within the reactor the pressure in the U. H.V. side of the 
_ 5 
leak would not exceed 10 torr with continuous pumping. It 
was further required that the leak must operate for a reasonabl e 
time as replacement would result in the destruction of the 
inert , coated , inner surface of the reaction vessel . 
. . 2. 8 / 
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The first design used was a very fine bore jet - tip as 
this was a simple enough shape to be able to calculate the 
necessary dimensions . These proved satisfactory in service 
but had a short useful lifetime . A more successful design 
was developed later and consisted of a glass bulb of about 
1 . 2 crrL diameter blown on the end of a . 9 c.111 Pyrex tube . Three 
holes were diamond drilled in each bulb and then the holes 
partially closed in the flame of a glass - blowing torch . Leaks 
so formed were attached in turn by neoprene tubing to the H. V . 
line and the most suitable leak chosen . This leak was then 
incorporated into a reaction vessel which was then mounted 
into the furnace . 
Leaks failed after several months service due to accumulation 
of carbonaceous material from the reactions . The problem 
associated with this failure was overcome by the development 
of a technique for reopening the leak in situ and which was also 
used to adjust the leak rate when it fell outside desired 
limits . The line on the U. H. V . or QUAD side of the leak was 
opened and a p ointed stainless steel rod (1/ 811 diameter) in-
serted to bring the point within the sphere of the leak . About 
200 torr of dry nitrogen was introduced into the reaction 
vessel and a high voltage from a Tesla Coil was applied to the 
protruding end of the rod thus punching holes where the glass 
was thinnest - at the blocked holes . This technique proved 
most successful . The two forms of the leak are illustrated in 
Figs 2 . 7 and 2 . 8 . 
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U.H~V. System 
The basic features of the U.H.V. system are shown in 
Fig. 2.2. The sampling leak to the reactor is connected to 
a stainless steel (diameter 1") crosspiece which is connected 
to a pumping system, a vacuum gauge and the QUAD mass 
spectrometer which was protected by a stainless steel tap. 
The oil diffusion pump is an AEI model 033c (130 1/sec, 
80 1/sec speed when baffled) backed by a Metrovac GRD 1 
rotary pump (1 1/sec speed). 
The cold trap is an AEI CT3 (Fig. 2.10) with a conductance 
of 271 1/sec. 
Filling 
tube 7-.-:::r 
vacuum 
I 
t--====.=::::::::::::::~ I 
fr=::::::::::::::::::::::::::::, ( 
liquid l 
nitrogen 
The A.E.I. CT3 Cold Trap 
Fig . 2 . 10 .. 2 . 10/ 
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Filling of the cold- trap with liquid nitrogen was 
achieved automatically every two or four hours . The filler 
mechanism is described below and shown in Fig . 2 . 11 
Fig . 2 . 11 
Filler Mechanism 
Bleed Diode 
The liquid nitrogen filler system incorporat ed a temperature 
sensitive diode with an electrical heating coil at the 
bottom of a transfer tube which was inserted in a liquid 
nitrogen dewar . The system was operated in conjunction with 
.. 2.11/ 
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a time - clock which switched power to the coil circuitry 
for 1 5 minutes every four hours (or two with a different 
time wheel ). A second sensor diode was situated in the 
filler neck of the CT3 cold - trap . If during the 15 min. 
period liquid nitrogen is not covering both diodes , a bridge 
goes out of balance allowing current to pass to the coil which 
boils off some nitrogen and pressurises the dewar . Thus 
liquid nitrogen is driven up the transfer tube and into the 
CT3 trap . When the diode in the trap is covered with liquid 
nitrogen the bridge is again in balance and the heater turned 
off . A jet - tip allows gaseous nitrogen to bleed off preventing 
overfilling . The heater can never switch on unless the diode 
in the dewar is covered by liquid nitrogen. 
Pressure in the U. H. V. system was measured by an AEI VH20 
miniature Bayard- Alpert type gauge controlled by an AEI VClO 
gauge controller . The typical pressure indicated when no 
sample was being admitted was 2 x 10 - 8 torr (under continuous 
pumping) . 
The U. H. V. line was constructed of l " diameter stainless 
steel pipe connected by l~" CONFLAT flanges with copper gaskets. 
Connection of the trap to the manifold was by gold ring seal 
and the trap to the pump by neoprene 0 - ring. 
The QUAD mass spectrometer head was attached by a 1~ CONFLAT 
flange to an AEI VV38 tap on the cross - piece. Occasionally 
the tap was dispensed with yielding an order of magnitude 
increase in QUAD signal. This was done as seldom as possible 
..2.12/ 
as the QUAD head was then vulnerable to occurrences such 
as failure of the automatic top-up system. 
2.2.2 QUAD Theory of Operation 
The QUAD first used was an EAI 150A type but most work 
was done using the 1100 model from the same manufacturer. 
2.12 
The 1100 has dual filaments which are easily replaced and are 
prealigned .. It also used more solid state circuitry enabling 
the RF unit to be bolted to the QUAD head, thus reducing 
transmission losses. 
It is necessary to have some understanding of the principles 
of operation of the QUAD in order to appreciate which in-
strumental parameters can potentially affect kinetic results. 
The following discussion refers principally to the EAI 1100 
QUADS which were used in this study but most other instruments 
vary only in detailed specifications. 
Schematically the QUAD appears little different from a 
magnetic instrument - see Fig. 2.12. 
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The first differences can be seen on detailed examination 
of the ionizer and ion optics voltages. It can be seen that 
the accelerating voltage is 11 V, rather than the usual 8 KV. 
The electron energy is normally 70 eV although the instrument 
has been operated at 9 eV successfully. The filament is of 
thoriated iridium which operates at relatively low temperatures 
and minimizes pyrolysis in the ionizer. 
The mass analyser consists of four stainless steel rods 
accurately located in a rectangular array as in Fig. 2.13. 
0 
-v
1 
+ v
0 
cos(wt + 180) 
Figure 2.l3 
Rod Assembly 
Superimposed DC and RF voltages are applied to the rods as 
illustrated, the dimensions of the array being chosen such 
that it best approximates a set of hyperbolic shaped rods. 
At any point within the rod array, the potential¢ is given 
by 
2 2 2 ¢ = (V1 + V0 cos wt (x - y )/r 
.. 2.14/ 
where v1 is the DC amplitude 
V is the RF amplitude 
. 0 
r is the field radius of . the array 
x and y as shown in Fig . 2.13 
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The components of the vector electric field E are given 
'\., 
by the first differential of ¢ thus: 
Ex ~ -2(V1 + V cos (wt) ) 
X 
= = -3x 0 2 r 
(1) 
Ey = ~ = 2(V1 + V cos(wt) ) ~ dZ 0 r 
(2) 
Ex = -~ dZ = 0 
(3) 
For singly charged ions injected in the z direction (i.e 
axially), the force Fis given by eE so the equations of 
'\., '\., 
motion in the x, y and z directions are 
Fx 
.. 
= rnx = eEx = -2e(V1 
Fy = my = eEy = 2e (V 1 
Fz = rnz = 0 
+ V cos wt) 
0 
+ V cos wt) 
0 
Equation (6) when integrated gives 
mz = constant 
X 
2 
r 
L 
2 
r 
(4) 
(5) 
(6) 
Thus in the z direction the ion maintains the velocity imparted 
by the ionizer and is unaffected by the analyser (often re-
ferred to as the mass filter) . 
In fact 
104 V. 
1:: 
. /2ev./~ 1.4 X 
2 
rn/sec z = = 1 
1 . ( A ) 
and V. is the ion energy (volts) 
l 
MH is the mass of the hydrogen atom (Kg) 
A is the atomic weight of the particle (AMU) 
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e is the electronic charge (coul) 
Typical values of V. = 10 V l 
A = 40 
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3 - 1 yields z = 7 x 10 m sec which corresponds to a transit time 
of less than 20µ sec . 
Mass selection then , depends on equations (4) and (5) . 
Equations (4) and ( 5 ) can be written in the normal form of the 
Mathieu equation thus 
X + a(S + cos 8 ) X = 0 (7) 
y a ( S + co s 8 ) y = 0 (8) 
wh e r e 8 = wt 
2 2 
a = (e/rn) V /r w2 
~ 0 
s = Vl/Vo 
We require that both x and y solutions be stable simultaneously 
such that the resulting ion trajectory be stable and bounded. 
All ions for which this is not so will hit the rods or spect -
rometer walls , be neutralized and pumped away . More than one 
such region exists and the largest is chosen for the mass spec . 
operation . 
The solut i on can be illustrated by Fig . 2.14 . Notice that 
as v1/V0 tends to 0 . 168 , the range of a and hence m/e becomes 
more and more limited (considering r , w, V given) . 
0 
One can loosely state thats sets the resolution of the 
instrument (whilst the sensitivity drops) and a (or rather V 
0 
as rand ware fixed) sets the mass selected. 
..2.16/ 
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Figure 2.14 
To scan a spectrum, one sweeps V
0 
and maintains V1 /V0 
constant therefore also sweeping v1 . In fact QUADS are mostly 
used to give uniform peak width ~M) rather than constant 
resolution (~M/M) so it is necessary to make the v1 to V0 
relationship slightly non-linear across the mass range. 
Normally B '\, .168 and for the QUAD 1100 
r = 0.273 cm 
w = 1.57 X 10 7 rad/sec 
a = 0.354 
so m = 0.294 V (amu) 
0 
V ranges from Oto 1200 volts (p) so m ranges from Oto about 
0 
332 amu. The scanning operation may be understood by making 
reference to Fig. 2.15. 
M (various m/e values) is a function of the amplitude of 
the applied RF voltage (V) and His the dimensionless RF/DC 
0 
ratio (V /V.). 
0 l 
Given that His held constant, scanning through 
a range of RF voltage values means that the H line sequentially 
enters and leaves stable regions. Each stable region corresponds 
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to a particular m/e value . It can be seen that to control 
His to control resolution . As resolution is increased , the 
range of M values that are stable decreases resulting in 
decreased sensitivity . Ideally of course a particular ion 
should spread over an infinitesimally narrow range . Practically, 
however , the diagram is still meaningful as there is a range 
of entry angles and velocities of ions resulting in an apparent 
dispersion of m/ e value . Actually up to 30° off axis entry to 
the mass filter can be accepted . 
The QUAD has several advantages over a magnetic instrument. 
1) It is a scanning instrument (facilitated by the 
relatively small mass of metal whose charge must change) 
with the capability of 300 m/e per 0 . 1 sec . 
2) It is compact and so can be " hung on " the kinetic 
measurement system , not dominate it . 
3) It is relatively inexpensive whilst still having 
sufficient resolution for the task . 
2 . 2 . 3 Some Ne c es s a r y Proper tie s , _ o f the U . H . V . E 1 e ctr i ca 1 Sy st ~ 
The usual detection of positive ions in the QUAD is a 
secondary emission multiplier (SEM) . Two designs can be 
employed . One has its first dynode in the optical path of 
incoming ions and should not be operated at pressures above 
- 4 10 torr . In the present study an off- axis type was used 
with an operating maximum of 10- 5 torr. It is claimed that 
this design is substantially less noisy . In either case the 
gain is of the order of 10 5 and so operating conditions need 
to be closely controlled . The high voltage supply that is 
. .2.18/ 
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standard in the QUAD was not satisfactory and deteriorated 
with time . Certain components , for example the trimming 
potentiometer, appear to be underdesigned. I ts inadequ~cy 
manifests itse l f in the form of short time (~l min) ripple 
of several percent on the output . The necessary stability was 
gained by employing a separate FLUKE model 415A H. V. supply . 
_ The next step in the amplifying chain is the electrometer 
amplifier which takes a current input , amplifies it , and 
provides a voltage output . The ESA 7 5 amplifier supplied by 
EAI as standard equipment was perfectly satisfactory for 
normal mass spectrometry where scan rate is normally slow 
but was not as suitable for fast repetitive scanning . Accord-
ingly a Keithly model 42 7 electrometer was used . It has 
superior drift characteristics and good temperature stabil -
ization ove r long periods of time (< 0 . 005% per day of full 
output after 1 hr . warm up ). It has gains of between 10 4 and 
1011 volts / amp with risetimes between 0 . 01 and 300 milli -
seconds . Dynamic range is large with resolution of 10 - l3 amp . 
in l0 - 3 amp . full output . 
The signal from the electrometer was fed to a TEKTRONIX 
RM503 differential oscilloscope (X input taken from the QUAD 
control ramp) and a YOKOGAWA 3046 chart recorder . The chart 
recorder is obviously the limiting device as far as scan - speed 
is concerned but the Keithly electrometer was purchased with 
a view to eventually using a peak scanning voltmeter and 
digital data- logging . 
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2 . 3 Instrumental Considerations Affecting Rate 
Measurement 
2 . 3 . 1 SEM Gain/Emission Current 
The SEM high voltage was initially set at 2 . 5 KV and 
increased during its lifetime as its gain drops ensuring 
relatively constant S/N characteristics for all measurements. 
Gain can be measured easily as the QUAD has integral with 
the SEM a Faraday Cup detector . Signal is measured at the 
Faraday detector and t hen the last dynode of the SEM. The 
QUAD may be operated in ' total pressure ' mode where all ions 
up to the cut - off at approx . 300 m/ e are allowed to pass to 
the detector . Ga i n changes must be recognized in order to 
allow comparison of measurements . 
Emission current was also varied from me~surement to 
measurement to ensure that the chart recorder registered 
nearly full - sca l e deflection with the largest signal for the 
reaction . 
2 . 3 . 2 Ramp Stability 
The QUAD has a facility for single peak monitoring which 
essentially involves setting the DC and RF voltages to the 
filter rods to invariant values . That is only one point on 
the control ramp is chosen . This point was found to drift 
slightly with time , the more the drift, the worst the effect 
as the gradient of the mass peak of course increases . The 
method employed to overcome this problem was to continually 
scan the peak of interest and .p lo t t he l oc u s o f the eak . 
tops . 
. .2.20/ 
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2 . 3 . 3 Mass Resolution· 
For normal operation the electronics of the QUAD have 
been factory trimmed to provide comparable resolution and 
peak width across the range whilst not sacrificing too much 
sensitivity at the high end . The external resolution control 
must be able to effect almost complete resolution at any 
possible m/e . 
In this study the above criteria were not strictly adhered 
to and the QUAD was tuned to meet the task in hand . Con-
ventional tuning was employed for conventional mass spectrom-
etry - which was an occasional use for determining the com-
postion of products of the r eaction mixtures . For measureme nts 
of rates,a narrow range around the peak being monitored was 
optimized whilst sacrificing performance elsewhere . 
The distortion of the spectrum made recognition of 
" landmarks " in the spectrum difficult . Accordingly , mass 
markers were employed , in this case chloro and bromo compounds 
with their distinctive isotopic patterns close the the re -
quired peaks . 
One further compromise was made . When additional 
sensitivity was needed , the required peak and its associated 
l3c peak were significantly de - resolved :- the familiar 
sensitivity/resolution trade-off . Whilst noting the prob -
ability of isotopic fractionation, the effect on rate 
measurement in this case is minimal . In the case oft - butyl 
phenyl ether with 10 carbon atoms 13c;12 c to~ 0.11. Not 
all l 3 c positions would be expected to have equal fractionation 
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effe c t ~ but even a worst guess at the magnitude of the 
fractionation makes the overall error in rate measurement 
a second order effect . Usually the peaks remained suffic-
iently resolved for the locus of the substantially l3c 
peak to be clearly visible under the main trace. As peak 
height , not area , is used , the contribution from 13 c is very 
much lower than 0 . 11 at the peak centre . 
2 . 3 . 4 Scan Rate 
The chart recorder used has a mechanically controlled 
maximum slew speed . To ensure that this did not effect rate 
measurement >the scan rate was slowed until there was no 
further increase in peak height of a peak of an inert gas . 
2 . 3 . 5 Pumping Stability 
Pumping speed in the U. H. V. system can effect pressure 
and thereby the peak height in the QUAD . Stable pumping 
spee d is essent i a l. The pumping speed needs to be sufficiently 
high to obviate the effects of the disturbance in the 
equilibrium c aused by the introduction of sample . Thus the 
new ultimate pressure must be reached quickly . 
will be discussed later . 
This matter 
In the present system the main source of inconstancy was 
the CT3 cold trap . As the automatic nitrogen top - up beginQ 
a disturbance is caus ed as shown in Fig . 2 . 16 . / This is the 
output of m/e 56 for isobutene at a temperature where de -
composition rate is vanishingly small . The major ' lump ' in 
the output is right at the start of top - up and probably 
corresponds to the cooling of the f il ler tube. Equilibrium 
.. 2 . 22/ 
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is soon re - established but at a new level . 
The principle of a more suitable trap is illustrated 
in Fig . 2 . 1 7 b elow . The design is often referred to as a 
" constant tempe r ature " . trap and has the characteristic that 
Vacumn 
r 
Fig. 2 .17 
Constant Tempe rature Trap 
cold surface area remains constant until only a small 
fraction of the liquid nitrogen charge remains . The firm 
Granville Phillips produce an excellent model of such a trap . 
In this study it was ensured that top - up did not occur 
during measurement , the trap being charged between runs . 
. . 2 . 2 3/ 
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A further measurable change in pumping speed was caused 
by switching the ionization gauge on and off . Lacking in -
formation as to the degree of fluctuation present in its 
pumping speed , especially as the product to reactant ratio 
changed , the Bayard- Alpert gauge was simply switched off during 
measurement . 
2 . 3 . 6 QUAD Cleanliness 
The QUAD was operated at 95°c (maximum 100°c with RF 
generator attached , 4oo 0 c without) to minimize hydrocarbon 
build- up . The stainless steel line above the cold trap was 
also baked periodically . 
One effect that seems to be unavoidable is peak splitting 
which occurs particularly if one peak is monitored contin-
uously . On disassemb]y of the QUAD head the user will find a 
' spectrum ' of small , circular , carbonaceous deposits neatly 
laid out along the inner walls of the filter rods . Not only 
is the selected ions trajectory reproducible but so it seems 
are those of the ions rejected by the filter . The deposits 
interfere with the electromagnetic field . The rods were 
cleaned with 400 grade jewellers ' rouge paper then sonic bathed 
in AR grade methanol . 
2 . 3 . 7 Electron Energy 
The most commonly used electron energy in mass spectrometry 
is 70 eV . Lower energies down to "appearance potential" may 
be used in an effort to reduce fragmentation in order to 
ascertain the m/e of the parent peak of the particular compound . 
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For the QUAD , tuned as described previously , there is 
an optimum voltage where the trade - off between reduced 
fragmentation and lower sensitivity balances out . For the 
compounds studied this was between 35 and 45 eV where the 
parent peak was a maximum . The electron energy was 
' optimised ' for each compound . 
2 . 3 . 8 Temperature Stability 
2.24 
0 Temperature jumps of say 50 C could be made in a couple of 
hours . It is important to realize however that stability 
is not reached in this time due to the mass and geometry of 
the reactor . Some " ringing " was evident in the approach to 
equilibrium . Consequently temperature changes typically took 
24 hours . 
2 . 3 . 9 Linearity of Leak Response 
The sampling leak has already been discussed. One further 
point of fundamental importance to rate measurement is that 
the QUAD peak height be proportional to the partial pressure 
in the reactor of the entity studied . To this end isobutene 
at various pressures was introduced into the reactor and the 
peak height of the parent peak monitored . The results are 
shown in Fig . 2 . 9 (b eginning of study) and Fig. 2.18 below ( end 
of study) . 
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Leak Characteristics 
2 . 3 . 10 Signal Stabilization Time 
On introducing a sample , several scans at about 8 sec . 
per scan sees the QUAD signal reach c. 95% of its maximum 
value . However complete stability is not reached for another 
5 minutes . As in the main the reactant was monitored , this 
cannot be explained in terms of mixing times as might be the 
case for products . Efficiency of the distil - in operation 
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2.26 
has some bearing but is unlikely to be the dominant factor. 
The effect of liquid nitrogen top-up on the signal 
suggests the experiment of introducing substances to the 
reactor with boiling points both above and below that of 
liquid nitrogen to see if the effect is one of establishing 
an equilibrium with the cold surface. Accordingly H2 , Ar, 
N2 , CO 2 and isobutene were introduced in turn but the stabili-
zation time did not vary greatly. It should also be noted 
that the heat capacities of these materials varies widely. 
Thermal conductivity of gases at the pressures in the re-
actor is independent of pressures and depends on heat capacity 
and the inverse of the square of the molecular diameter. 
Stabilization time did not appear to depend on heat capacity 
and so the attainment of thermal equilibrium in the reactor is 
unlikely to be the controlling influence. 
The most plausible explanation seems to be that the 
stabilization time is mainly a reflection of the time taken 
for the U.H . V. system to come to a new ultimate pressure after 
the sudden introduction of a sizeable (in U.H.V. terms) leak. 
That the stabilization time does vary is probably due both to 
the varying reactor pressures and to a lesser extent to 
introduction technique. 
. . 2 . 27/ 
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2 . 4 Preparation of Materials 
t - butyl isopropyl ether from Eastman Organic Chemicals 
was firstly tested for peroxides . After the test proved 
negative the ether was dried over calcium chloride and 
sodium then fractionated through a 30 cm column of Fenske 
helices . The b . p . was 83 . 5 ± 0 . 1°C/715 mm Hg and refractive 
index N~5 1 . 3774 . Literature values20 
25 
0 
are b . p . 87 . 6 C/760 mm 
Hg and ND l . 3773 . 
• t - butyl phenyl ether was prepared by the method of 
16 Frisell and Lawesson . After fractionation through a 30 cm 
column of Fenske helices it had a b . p . of 66 + 1°c/10 mm Hg 
and N20 D 1 . 4892 . Literature values 
are b . p . 57-,59°C/7 mm Hg and 
N20 1 . 4870 16 and b . p . 6o 0 c / 8 mm Hg and N20 1 . 489519 .. Mass D D 
spectrum from a Varian Mat CH7 further confirmed purity and 
identity . Integrated N. M. R. spectrum from a Perkin-Elmer RlO 
instrument at 60 MHz indicated 9 protons (singlet) and 5 
protons (multiplet) . Microanalysis by Research School of 
Chemistry , A. N. U., Canberra , returned results of C, 79.82 and 
H, 9 . 26 compared with calculated values of C, 79.96 and H, 9.39. 
t - butyl p - methylphenyl ether was also prepared by the 
16 
method of Frisell and Lawesson, the precursor bromobenzene 
being replaced by p - bromotoluene . After fractionation through 
a 30 cm column of Fenske helices the second of three fractions 
0 20 
was taken and had b . p . 84±1 C/10 mm, ND 1.4874. Literature 
8 o N20 488 17 8 o/ values are b . p . 79 - 1 /9 mm, 1 . 2 and b.p. 2.5 10 mm, D 
N~O 1 . 4879 18 . Microanalysis by Research School of Chemistry, 
A. N. U., gave values of C, 80 . 29 and H, 9 . 45 compared with 
• 
.. 2. 28 I 
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calculated , C, 80 . 44 and H, 9 . 82 . The identity and purity 
of the sample were further confirmed by mass spectrometry 
using a Varian CH7 mass spectrometer . 
2 . 5 Methods 
2 . 5 . 1 Preparation and Introduction of Reagents 
Liquid samples were stored in tap- vessel, V (Fig . 2 . 1) and 
gaseous samples in 5 1 bulbs B1 , B2 and B3 . Liquid ·samples 
were outgassed on initial storage and then outgassed daily 
whilst in use . Gas samples were also outgassed to ensure 
that they were oxygen free . Nitrogen (CIG High Purity) , hydro~ -
gen and argon ( CIG i ndustr i al ) were used as supplied . Carbon 
dioxide ( CIG medical grade) was used after ten freeze - thaw 
cycles . Each freeze operation was made as rapid as possible . 
As freezing slowed the residual gas was pumped away in order 
to minimize the occlusion of oxygen . 
The surface of the reactor was coated with the decomposition 
products from the pyrolysis of isobutene at temperatures in 
excess of 490°c . 
The surface of the reactor was further seasoned by c~r.rying 
out preliminary runs with the ethers until reproducible rate 
constants were obtained . 
The preliminary kinetic runs were used to align the m/e 
peak to be monitored by the QUAD, and to centre the peak on 
the oscilloscope display . It was also necessary to ensure 
that the scan- width was sufficiently large to include some 
base line on either side of the peak. Gain settings of both 
.. 2 . 29/ 
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the mass spectrometer and the chart recorder were adjusted 
so that the peak registered full - scale deflection on the 
recorder . Scan time was increased until no further increase 
in peak height was apparent on the chart recorder output. 
The chart speed appropriate to the rate of decay at the 
particular temperature was also selected . Setting of controls 
in this manner ensured that only minimal adjustments needed 
to be made at the start of each subsequent run and that these 
adjustments could be made rapidly . 
The ether was distilled from the tap vessel into the 
quickfit test tube s1 which was held at liquid nitrogen 
temperature . At this stage the sample was thawed to check that 
further outgassing was not necessary . If no gas bubbles were 
liberated , the sample was distilled into U- bend Ul . The sample 
was then distilled into the reactor by warming with a hot 
air blower quickly followed by the flame of a semi - micro bunsen 
burner . Trimming of QUAD and chart recorder gain controls were 
carried out to optimise output . The burner was placed at the 
bottom of a chimney formed by a quartz tube 150 mm long and 
35 cm in diameter . The top of the tube enclosed the U- bend. 
Steele 1 3 has fully described further sample handling 
and vacuum line maintenance techniques required . 
2 . 5 . 2 Selection of a Mass Peak 
The fragmentation patterns of ethers is discussed in later 
chapters dealing with the kinetic results for the molecules 
studied . The method of selecting peaks to be monitored is 
.. 2 . 30/ 
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discussed for each individual ether studied . 
The general criterion for selecting suitable peaks is 
that they uniquely represent a particular process . Thus the 
peak must be unique to either a product or the reactant . 
For both dialkyl and aryl alkyl ethers this condition is 
more easily met for the reactant than the product . The 
rearrangements that occur for ethers under electron impact 
are often very similar to those which occur thermally . If 
more than one reaction pathway is possible , the proportions 
of products formed thermally will probably be different from 
those formed by electron impact. However , it is likely that 
the parent peaks of the thermal decomposition products will 
correspond with the fragment peaks in the mass spectrum of 
the reactant . Nevertheless , the contribution that the re -
actant molecules make to the particular peak may be suffic -
iently small to be neglected and enable the peak to give an 
adequate measure of the rate of appearance of the products . 
In theory , it may be possible to use curve - fitting 
techniques where the proposed model takes account of the con-
tributions to the peak which arise from more than one source . 
In practice , e v en the best signal - to - noise ratio possible would 
not permit a unique solution . Thus the simplest poss i ble 
model to fit the data should always be used . In this study 
care has been taken to monitor a peak which has only one 
source . 
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Although mass spectra could be determined in situ in the 
apparatus , spectra were also determined for comparative 
purposes using a Varian CH7 mass spectrometer . Thus 
reference spectra for the ethersunder investigation were 
obtained on the CH7 . The spectra were found to be similar to 
those obtained using the QUAD except for the metastable peaks 
which do not occur in a quadrupole instrument. 
The QUAD was used to scan the mass spectrum of the re -
action mixture as reaction was taking place and changes in 
the intensities of the constituent peaks noted . These spectra 
were used to identify the pyrolytic products . 
Spectra of these pure samples were measured using the CH7 . 
Spectra were then obtained at various extents of reaction and 
compared with these reference spectra . Where possible pure 
samples of suspected products were introduced into the reaction 
vessel and spectra obtained . These reference spectra were more 
useful than those from the CH7 as the sensitivity at various m/e 
values differs in the CH7 from that of the QUAD . The identity 
of the products was further confirmed by lowering the ionizing 
electron energy in an attempt to identify parent peaks. 
Assuming that the variation of the intensity of the reactant 
peak with time is to be monitored , a peak is chosen that has 
an m/e value higher than the parent peak of any of the products . 
This need not be the parent peak of the reactant if a character-
istic peak of higher intensity is available . The energy of the 
ionizing electrons may be varied to optimize this peak . As the 
reaction approaches completion the signal approaches the 
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background value for this peak which may not necessarily 
be zero . If there is some permanent non- zero background 
value , allowance for this is made when treating data . The 
identity of the parent peak can be further confirmed by 
consideration of the 13c;12c ratio being approximately 0 . 011/ 
carbon atom in the molecule . 
2 . 5 . 3 Measurement ot' Rate Data 
Fig . 2 . 19 shows the output recorded on the chart re -
- 3 1 corder for a typical run . For this run (k1 = 3.43 x 10 - s ) 
ether was distilled into the reactor at 391 . 7°c and the peak 
at 150 m/e was monitored against time to characterize the 
rate of disapperance of ether . Fig . 2 . 19 shows the iocus of 
the peak intensity which varies with time and is directly pro -
portion-al to the partial pressure of the ether at any time . 
The scan width is sufficiently wide so that any drift in zero 
point can also be noted . Maximum zero drift was found to be 
less than 1 % and was normally well below this figure. The scan 
width can be reduced to zero so that the QUAD control ramp 
has a single value and only one point, such as the peak to p , 
could be monitored . Tn practice , ramp st a bility was not a l ways 
sufficient for this technique to be used and so t h e entire 
peak was always scanned . To calculate the time interval between 
peaks,the chart speeds were independently che cked , a s wa s t he 
constancy of the rate of scan repetition, by the u s e of a 
calibrated stop- watch . Both paramet e r s we re f ound t o be satis -
f actory . The he i ght of each peak was then noted . 
. . 2 . 3 3/ 
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For relatively long reactions , suitable regularly 
spaced markings on the chart paper were chosen , and peak 
height measured at these places , interpolating between 
adjacent peaks if necessary . The basis for choosing methods 
was that about 30 readings should be available for each 
reaction . 
Thus the raw data were peak height on the chart output 
versus time interval number . It should be noted that digit -
ization of the data acquisition would be possible . A digital 
peak scanning voltmeter was available for a short time and 
was found to be most satisfactoty . It provided an output 
which could , with suitable modification , be input to a mass 
storage medium such as paper tape, mag-tape or magnetic disk. 
2 . 5 . 4 Treatment of Data 
Rate constants were calculated from the raw data by use of 
curve - fitting techniques . The most rigorous technique used 
a program devel oped by H. Hay of the Research School of 
Physical Sciences , A. N.U ., called FITTEM , which ran on a 
UNIVAC 1100/40 computer . For reasons to be discussed further 
below , a less rigorous , but interactive program developed by 
the author was adopted which ran on a TEKTRONIX 4051 micro -
computer . The method,however, was considered to be more rigorous 
than the commonly used linear least squares technique. 
In the present study , reactionsv.ere found to follow a 
first order rate law . The integrated first order rate law 
may be written in the form 
.. 2 . 34/ 
(a- x) - a exp (-k . t) 
where (a- x) is the concentration of 
reactant at time t , and k 1 is the 
first order rate constant. 
This may be written in the linear form 
the form 
ln (a-x) = ln a - kt , that is it is in 
y ( x) - a - bx 
This form is amendable to linear least squares analysis 
and should provide reasonable results provided the errors in 
the original data are small . 
Bevington15 has demonstrated that the process of 
linearization may distort the original error limits. Data 
showing such distortion is exemplified by Fig . 2.20 taken 
from Bevington15 . 
Fig. 2 . 20 shows that in mapping from one metric to 
another, the error bars , which are equal in the original metric, 
are no longer so in the linearized form . Those at low " y " 
have much larger error bars when transformed than those at 
large " y ". Points known to low precision should not be given 
the same weight,when curve fitting,as points known more 
:;, 
precisely . The linear least squares method gives equal weight 
to all data points and so effectively allows low values of "y" 
to have more effect on the regression coefficients than they 
ought to, having regard to the relative magnitudes of their 
associated errors. 
. . 2 . 3 5/ 
1.0 ..---------------------, 1.0 
0.5 
0.8 
log y = log a + x log b 
0.2 
0.6 
y 0.1 y 
0.4 
0.05 
y = ab" 0.2 
0.02 
0.01 "-==:::::±:::=:::::t~---1..~-1..~-1..~--'-~_l_~.J__~J______J 
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X 
Graph of the function y = abr for rectangular and 
logarithmic metric. Scale on the right is rectangular and refers to the 
curved line. Scale on the left is logarithmic and refers to the straight 
line. The fun ction is evaluated for a = 0.01 and b = 100. The uncer-
tainties shown are assumed to be equal in the rectangular metric 
U; = Q.02. 
* Taken from ref . 15 
* Fig . 2 . 20 
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The FoR·rtRAN V program FITTEM uses a non-linear lea,st 
squares technique and fits to the original exponential form 
by minimizing X2 . This provides a measure of corre l a ti on 
.. 2.36/ 
between parameters in the fitted function and allows the 
user to specify the amount of experimental noise permitted. 
Only this non-linear technique provides a true measure of 
goodness of fit. 
The fitting of a curve to the linear from 
Y (x) = ao + bwc 
involves minimizing the quantity x2 • 
For this case 
2 
X I 
i 
= I [..:.._2 a. i l. 
where a, bare estimates of the true parameters in the parent 
distribution a o , bo 
to 
If f (y) is fitted rather than y, 
I 
a. 
l 
= 
df (y.) 
l 
dy. 
l 
a. 
l 
a. ought to be altered15 
l 
and the uncertainties in the regression parameters a, bare 
modified and become 
I · 
0 
a 
df (a) 
a I 
= da 0a' 0 b = 
dfb (b) 
db a · b 
For treatment of data from a first order kinetic system the 
transformation is 
so a 
a 
I 
I 
a = ln a 
= 
d (ln a) 
da • a a = 
a 
a 
a 
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The BASIC program listed with operating instructions 
in APPENDIX 3 takes account of the necessary modifications . 
Use of the BASIC program offered the advantages con-
ferred by the short turn around time in data reduction . 
The condition of the reactor surface could be monitored from 
run to run . The errors involved in using this less rigorous 
technique were not considered to be the significant com-
pared to uncertainties that the degree of temperature control 
at elevated temperatures confers on rate data . 
The more important advantage was that the immediate 
feedback of information from the x - y plots provided by the 
BASIC program provided information on the stabilization time 
(see 2 . 3) of the QUAD signal . Thus these plots revealed the 
validity or otherwise of individual runs . 
The BASIC program prompts for the necessary data then 
displays a graph of the natural logarithm of the QUAD signal 
vs . time . In all cases the graph is expanded to the maximum 
possible dimensions . As expected , the first couple of points 
are often inconsistent with the rest of the data. The user 
can then choose which section of the data are to be fitted . 
The fitted rate constant is displayed together with a standard 
deviation. The data are then regraphed and the fitted curve 
drawn through the data points giving a visual appreciation of 
the goodness of fit. The user then has the option of excepting 
the answer or repeating the process over a different range. The 
. . 2.38/ 
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appropriate statistical parameters displayed ensure ob -
jectivity of judgement . 
It should be noted that the discussion of curve - fitting 
techniques , above~ is also relevant to the determination of 
Arrhenius parameters from temperature vs . rate data . 
, 
CHAPTER 3 
THE THERMAL DECOMPOSITION OF 
r-BUTYL ISOPROPYL ETHER 
I 
3.1 
3.1 INTRODUCTION 
I 
The thermal decompostion oft-butyl isopropyl ether 
has been examined by Daly and Ziolkowski 4 in a conventional 
static system. Over the range 409-475°C the ether decomposes 
by two competing reactions, one giving isobutene and isopro-
panol, the other giving propene and t-butanol. That is 
( 1) 
( 2) 
The overall reaction follows first order kinetics. 
Daly and Wentrup 5 ' 6had shown that while in general the 
simple aliphatic ethers decompose thermally by ··free-12adical 
chain mechanisms, branching of the aliphatic side-chains 
appears to favour uni-molecular eliminations. Thus t-butyl 
methyl ether and t-butyl ethyl ether undergo unimolecular 
eliminations to 
5,6 
yield isobutene and the corresponding alcohol 
The results fort-butyl isopropyl ether confirmed this trend 4 . 
These results are briefly reviewed below. 
In the previous study 4 oft-butyl isopropyl ether, the 
kinetics of the decomposition were followed by measuring the 
rate of change of total pressure with time. These pressure -
time data were int~rpreted on the basis of an assumed 
stoichiometry and showed that the reaction wa s first order with 
respect to ether for at least 70% of reaction , which was 
.. 3/2 
r 
3.2 
as far as the kinetics were followed 4 . Initial pressure 
was varied by a factor of 7- 10 at each temperature studied~ 
and the f1rst order rate constant showed no significant 
variation . Results of runs carried out in a packed reaction 
vessel (surface to volume ratio 8 cm- 1 ) were not different 
( -1 . from those in their standard vessel S/V = 0 . 9 cm ) in -, 
dicating that the reaction was homogeneous . Addition of up 
to 200 mm Hg . of the radical scavenger isobutene did not 
affect the rate constant , thus making a radical chain mechanism 
improbable . The ratio of final to initial pressure after. 
five half- lives varied between 1 . 93 and 1. 98 . The products 
of the reaction were condensed from the reactor and submitted 
to mass spectrometric analyses . These analyses showed peaks 
which demonstrated that the products were as described by 
equations ( 1) and (2 ). Alkane production was insignificant. 
The upper limit for propane production could be set as c . 0 . 5% 
of propene produced . 
Total alkenes were determined by the method of Siggia21 
and showed a close agreement between the extent of reaction 
as judged from pressure change and from total alkenes formed. 
Gas chromatography was used to measure the mole ratio 
isopropanol/t - butanol for various extents of reaction at 
453 . 3°c and found to be essentially constant . Similarly the 
ratio was found to be constant for the temperature range 
420 - 475°c . Thus reaction (1) accounts for c. 83% of products 
.. 3/3 
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and reaction (2), c . 17% . Apportioning the overall rates 
measured. according to these percentages, gave rate constants 
for the two reactions which showed a variation with temperature 
well described by the Arrhenius equations 
( 1) k 1 (isobutene) = 
( 2) k1 (propene) = 
where R is in cal/deg/mole . 
gives the equations 
( 1) kl = 1013.37 exp 
( 2) kl = 1012.96 exp 
10 13 · 37 exp (-55530 + 450)/RT 
1012 ·9 6 exp (-56480 ± 950)/RT 
- 1 
sec 
- 1 
sec 
Expressing R in kilojoules/deg/mole 
(-232.34 + 1 . 88)/RT - 1 sec 
( - 236 . 31 + 3 . 97)/RT - 1 sec 
The simplicity of the products was taken as evidence that the 
process was a unimolecular elimination . 
Daly and Ziolkowski proposed two four - centred transition 
states (1) and (2) similar to those advanced for the decom-
position oft - butyl methyl ether, 
Me Me 
i t I Me c -- - 0 Pr Bu 0 ---- CH 
I 
! I I I 
H c --- H 2 H---- CH 
( 1) ( 2) 
and concluded that it is uncertain whether the process involved 
homolytic or heterolytic bond fission. In the case oft-butyl 
.. 3/ 4 
3.4 
methyl ether it was considered the c.10 2 times faster de-
composition compared with neopentane might indicate a degree 
of heterolycity if the energy of the C-0 bond broken is the 
22 dominant factor . The study of 1-butyl isopropyl ether showed 
that the effect of a-methyl substituents on the elimination 
of isobutene from t-butyl alkyl ethers and showed that at 
450°c the ratio methyl:ethyl:isopropyl is 1:2:6.4. The mag-
nitudes of the factors do not substantiate any degree of 
heterolycity unless the hydrogen atom S to the oxygen is im-
22 portant in the transition state. MacColl has reported the 
effect of a-methyl substituents on the decompositon of cyclo-
butane where the ratio cyclobutane/a-methylcyclobutane/a,a-
dimethylcyclobutane is 1:1.5:3.4 and considered the processes 
to be homolytic. 
The formation of isobutene at a rate five times faster than 
propene was considered to be due to the statistical factor 9:6 
favouring isobutene formation. 
The present study re-examines the pyrolysis oft-butyl isopropyl 
ether in order to calibrate and validate the QUAD system de-
scribed in this work. The results are reported below and com-
pared with those measured previously. 
3.2 Experimental 
t-Butyl isopropyl ether was distilled into the reactor 
at selected temperatures and the rate of disappearance of the 
ether was followed by monitoring the rate of decay of the peak 
at 101 m/e . Th e cho ic e of peak 
.. 3.5/ 
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is discussed in the DISCUSSION section. QUAD settings were 
established as described in Chapter 2. 
The peak at m/e 101 was scanned at regular intervals 
('v8 secs.) as discussed in Chapter 2 . Ionizing electron 
energy was 70 eV. No 13c component was allowed to intrude 
the peak. Rates of decay were fir st order over a range of 
initial pressure. 
Results 
on 
The results obtained for the study oft-butyl isopropyl 
ether over the temperature range 432-477° using the QUAD 
system are summarised in Table 3.1. Estimates of the standard 
deviations for rate constants are calculated. Where there is 
one run at a given temperature, the standard deviation (Sk) 1s 
that estimated in the slope of the modified linear least squares 
technique for curve fitting described in Chapter 2. For other 
cases, the standard deviation is the estimated Gaussian 
standard deviation of the group of measurements at the partic -
ular temperature. Table 3.1 also shows the rate constants 
calculated from the Arrhenius equations reported by Daly and 
Ziolkowski4 . 
. .3/6 
432 . 0 
439 . 7 
447 . 2 
452 . 3 
453 . 7 
454 . 5 
456 . 0 
459 . 4 
465 . 5 
467 . 9 
474 . 8 
476 . 7 
3.6 
TABLE 3 . 1 
VARIATION OF RATE CONSTANT WITH TEMPERATURE 
No . Runs 
5 
15 
3 
3 
1 
1 
4 
3 
15 
20 
5 
1 
4 - 1 k 1xl0 sec (a . ) 
1 . 72 
2 .7 2 
4 . 29 
5 . 17 
5 . 50 
5 . 83 
6 . 91 
7 . 43 
9 . 91 
12 . 0 
16 . 8 
20 . 8 
.09 
. 10 
. 11 
. 12 
. 28 
. 37 
. 19 
. 09 
. 35 
.40 
. 20 
1 . 1 
4 - 1 k1xl0 sec ( b .) 
1 . 73 
2 . 66 
4.00 
5 . 26 
5 . 67 
5 . 91 
6 . 4 O 
7 . 65 
10 . 5 
11.9 
16 . 8 
18 . 5 
(a) This Study 
(b) Calculated from work of Daly and Ziolkowski 4 . 
When the QUAD is used to monitor an m/ e peak characteristic 
of a reage nt , the output voltage has been shown (Chapter 2 . 3 . 9) 
to be directly proportional to the partial pressure of the 
reagent . Thus variation of initial QUAD signal by a factor is 
equivalent to variation of initial pressure of reactant by the 
same factor . Across the temperature range 432 - 477°c , k1 values 
.. 3/7 
l 
3.7 
showed no dependence upon initial pressure despite a 3- fold 
variation . Fig . 3 . 1 shows the variation of rate constant with 
initial QUAD signal for decomposition at 465 . 5°c . 
12· 
T"9 
I 0 0 0 10' Q) • © 0 
"' 
0 
T"9 a~ 
~ 
~ 
0 6~ 
T"9 
4 .. 
2. 
. . • . 
. • 0 
.1 .. 2 .3 .4 .5 .6 
Signal (V) 
Fig . 3.1 
Variation of k 1 with QUAD Signal 
The kinetics of the decomposition of ~- butyl isopropyl 
ether were followed for extensive percentages of forward 
reaction . 
For example , runs at 465 . 5°c were followed for 18 and 7 
half- lives , respectivel~ in order to verify that QUAD signal 
reduced to zero and to follow the reaction for an extended time . 
. . 3 . 8/ 
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After 18 half-lives, the QUAD si g nal had redu c ed fro m 1. 03 volts 
to 0 . 002 volts . In the fi r st run the reaction was followed 
to c . 85% reaction yielding a rate constant of 9 . 82 ± 0 . 36 
- 4 - 1 
x 10 sec .. The scale fact o r of the chart recorder was 
then changed from 1 volt/100 div to 0 . 1 volt/100 div and the 
reaction followed to 97% reaction yielding . . a rnte constant of 
8 -1 11 . 1 ± 0 . sec . These values are in reasonable agreement. The 
second measurement is less precise than the first but is much 
better than tha t poss i b l e by the pressure change method . 
Noise was too great to allow rate evaluation beyond 97% re -
action . In the second run the reaction was followed initially 
to 87 % reaction and obeyed first order kinetics with k = 1 
(10 .1 ± 0 . 3 ) - 1 sec The sensitivity of the chart recorder was 
then altered from 0 .5 v per 1 00 divisions to 0 . 1 v per 100 
di v isions , and t he rea c tion fo l lowe d further to 96% forward 
reac t ion . The k i netics rema i ned first order and gave k 1 = 
- 4 -1 (10 . 3 ± 0 . 4 ) x 10 sec .. These values are in excellent 
agreement and establish the excellence of adherence to the 
kinetic form . The initial signals varied by a factor of two 
between runs one and two . 
Two runs were used to compare extent of reaction by pressure 
change and by QUAD signal . The ratio of final pressure to 
initial pressure was taken to be 2 . 0 . Extent of reaction by 
pressure change data were 79 . 3 and 74 . 6% compared to 80 . 3 and 
76 . 6% by QUAD respectively. 
. . 3 . 9/ 
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Table 3 . 1 lists values used to calculate Arrhenius 
parameters . Only temperatures for which there were three 
or raore runs have been used . Fi g . 3 . 2 shows the variation 
of first - order rate constant with temperature . 
The overall rate constant is well described by the 
Arrhenius equation . 
k = 10 1 3 · 19 ± 0 . 36 exp( - 228 . 7 ± 5 . 0/RT) sec- 1 
1 
over the temperature range 432 - 475°C. The coefficient of 
correlation for the linear least squares fit to the equation . 
= Ea/RT - ln A is r 2 = 0 . 997 
Table 3 . 2 compares values calculated from this equation 
with values calculated from Arrhenius equations reported in 
4 the pressure study . 
TABLE 3 . 2 
Comparison of Rate Constants 4 from QUAD Study 
and Pressure Study . 
432 . 0 
439 . 7 
447 . 2 
452 . 3 
456 . 0 
459 . 4 
465 . 5 
467 . 9 
474 . 8 
4 - 1 (a) k 1 x 10 sec 
1 . 77 
2 . 70 
4 . 04 
5 . 29 
6 . 41 
7 . 63 
10 . 4 
11 . 7 
16 . 5 
k x 10 4 sec - l (b) 
1 
1 . 73 
2.66 
4 . 00 
5 . 26 
6.40 
7.65 
10 . 5 
11.9 
16.8 
. . 3 . 10; 
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160 165 
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0 
170 
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The data of Table 3.2 show that the agreement between 
4 
the QUAD study reported in this work and the Pressure study 
is excellent and establishes the validity of the QUAD 
system . Additionally the QUAD system establishes that the 
reaction is described by first-order kinetics to 97% forward 
reaction. 
Figure 3 . 3 shows results obtained in a typical run. 
The peak being scanned is 101 m/e. Ten inches on the chart 
recorder corresponds to 2 volt signal and the chart speed 
was 2 cm/min . The reaction took place at 467.9°c and gave 
= 
3.3 Discussion 
-1 
sec 
Mass spectra of the reaction mixtures showed that the 
spectra could be explained in terms of the products isopropanol, 
isobutene, t-butanol and propene as proposed earlier4 . Mass 
spectra oft-butyl isopropyl ether and samples of the four 
products show that peak m/e 101 is unique to the ether and is 
a major peak. Thus it was a suitable peak to represent dis-
appearance of reactant. 
Parent peaks of the products of the thermal reaction are 
74 (t-butanol), 60 (iso-propanol), 56 (isobutene) and 42 
(propene) . 
These peaks are not suitable for kinetic measurement 
since they have more than one source . Peaks at m/e 74 and 60 
24 
are very small, as expected , and hence the signal to noise 
ratio is not normally adequate. Of the two peaks , 74 m/e 
has the smallest contribution from the reactant ether , and 
.. 3.12; 
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so could give some indication of the rate of appearance of 
the product t - butanol . Fig . 3 . 4 is an example of this 
measurement at 476 . 7°c . That the output does not start from 
zero is a reflection of the contribution to the peak from 
the ether . The base peak of t - butanol is at m/e 59 but this 
is also a major peak for isopropanol . The base peak for iso -
propanol is 45 but this is significant in the spectrum of the 
reactant . The peaks at m/e 56 and 42 also have contributions 
from several sources . 
Table 3 . 2 shows the good agreement of the results of the 
present study and those reported previously 4 . The QUAD 
measurements were made directly of the ether concentration 
and do not require the assumption of a particular stoichiometry 
necessary to the analysis of pressure data . The excellent 
agreement , particularly to the extent of reaction measured 
by the QUAD system , confirms interpretation4 of the order of 
the reaction , establishes the chosen stoichiometry , and lends 
support to the mechanisms proposed . 
The pressure study 4 reported that the observed formation 
of isobutene at a rate five times faster than propene is 
due to the statistical factor 9 : 6 favouring isobutene formation . 
The ratio obtained from the experimental A factors is 
2 . 6 . The rate constant leading to isobutene formation is 
favoured by the ratio of quoted activation energies by a 
factor of 1 . 9 to 2 . 0 for the range 400 - 500°c . However, 
.. 3.14/ 
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within the limits of the experimental errors quoted 4 , this 
factor varies between 0.9 and 4 . 1. Accordingly the data 
were re-examined in order to determine the corresponding 
range in the ratio of A factors. 
Re-treatment of the data from the pressure study gives 
k 1 (isobutene) = 10
13
·
31 ± · 16 exp( - 231.43 ± 2.28/RT) sec- 1 
k 1 ( propene ) 
= 1012 . 92 ± .30 
where R is in · kilojoule/K/mole. 
exp(-235.74 + 3-97/RT) -l sec 
These equations were determined by linear least squares 
fit to the linear~zed Arrhenius equations, that is, -ln k 1 -
Ea/RT - ln A. This method is not the most statistically 
rigorous (see Chapter 2). This,together with the fact that the 
degree of precision in log and exponential calculations (which 
alters from calculator to calculator, computer to computer) 
can have a noticeable effect, means that the differences 
between these values and those of Daly and Ziolkowski are 
insignificant . The ratio of exponential terms still varies 
between 1.0 and 4.3. The experimental precision does allow 
the statement that the A-factor for the isobutene reaction 1s 
higher than that for the propene reaction and that 1.5 is 
within the experimental range of values. 
That this should be so on configurational grounds is 
demonstrated below by the method due to Rice , Ramsperger, 
Ka ssel and Marcus (RRKM) and demonstrated by Benson 23 in the 
calcuation of A- factor for the thermal decomposiion oft - butyl -
methyl ether . This method yields an A- factor which is in 
.. 3 . 15/ 
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agreement , to within experimental error, with the value 
measure d by Daly and Wentrup 5 . This calculation assumed 
the same fo ur - centred transition state proposed by tbose 
workers and has the same four - centred ring as those proposed 
fort - butyl i sopropyl e t her . In his calculation , Benson 23 
assigned torsional frequencies such that the total entropy 
of t BuOMe was the same as that estimated by group additivity 25 . 
In the c alcul a tion o f A f acto r s fo r the thermal de c omposition 
oft-butyl isopropyl ether, this restriction was not adhered to. 
Frequencies are those used by Benson fort-butyl methyl ether. 
Thus the calculation demonstrated in Appendix 2 is strictly an 
RRK calculation. The A-factors predicted are 10 13-9 sec- 1 for 
the isobutene reaction, and 10 13 · 7 sec- 1 for the propene 
reaction. The ratio of A-factors is of more importance here tha n 
the absolute values. The value of 1.5 for the ratio is ma i n t a i n ed 
despite moderate changes to the separate calculations. Th i s r at i c 
is in accord with the ratio of 9:6 proposed in the pressur e 
4 study. 
CHAPTER 4 
THE THERMAL DECOMPOSITION OF 
r-BUTYL PHENYL ETHER 
-
I 
4 . 1 
4 . 1 Introduction 
The thermal reactions of aliphatic ethers have been com-
paratively well studied in 6as - phase . The reactions of the 
&impler aliphaticethers are considered to occur by radical 
chain rrechanis~s involving initiation by fission of the C- 0 
bond . Thus the thermal decoEpositions of dimethyl and diethyl 
ethers involve radical chain processes as described in 
Chapter 1 , being initiated by C- 0 bond fission , and propagated 
by both hydrogen abstractions from the ether by alkyl and 
alkoxyl radicals and decomposition of the radicals formed in 
these abstractions . The termination steps involved com-
bination of the various possible species and have been debated. 
Branched aliphatic ethers such as t - butyl have been 
shown 4, 5 , 6 to underbo molecular elioination. Thus t - butyl 
methyl, 5 t - butyl ethy1 6 and t - butyl isopropyl 4 ethers are con-
sidered to decompose via a four - centred transition state in 
which a hydroGen from the aliphatic moiety bonds to the oxygen 
leading to an alkene - forminc elinination . The reactions appear 
to be unimolecular processes . 
Daly and Stimson 12 showed that the decompos ition of di -
isopropyl ether exhibited behaviour which could be well explained 
as a competition between a radical chain me chanism and t he 
uninolecular alkene - fo rmin g elimination . The kinetics of the 
decompos ition 1ere well described by a mo d e l of a unimolecular 
decoopos tion via the fo ur - centred transition st2te (c.70%) in 
.. 4 . 2 / 
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competition with the radical process which for med acetone, 
propane , isopropanol and propene . 
Benson and O' Neal , however , considered that the evidence 
for the first order process .is ambiguous , and prefer to treat 
the reaction as a radical process until the evidence is more 
compelling (ref . 26 , p . 133) . This work seeks to extend the 
gas - phase studies of ethers to include the reaction of phenyl 
alkyl ethers , and reports on the results of the s tudy of the 
kinetics of the reactions oft - butyl phenyl ether and t - but y l 
p-methylphenyl ether. The remainder of the chapter deals 
with the reaction oft - butyl phenyl ether . 
4 . 2 Experimental 
4 . 2 . 1 ~1ass Spectro~etry - Rate Measurement 
A number of mass spectra oft - butyl phenyl ether measured 
on the QUAD system are reproduced in Appendix 4, and · presented 
as Spectra 1 , 2 and 3 . These spectra were obtained at 250°c 
using ionizinG electrons with energ ies of 70 eV , 40 eV and 
20eV . Appendix 4 also lists spectrum 4 which is that of the 
ether taken on a Va~ian CH7 raagnetic instrument at an inlet 
temperature of 13 0°c and ionizing electron energy of 70 eV . 
Inspection of the spectra 1 to 4 shows that there is a 
difference in the intensities of the mas s - peak s recorded on 
the Quadrupole instrument and the @a gnetic instrument. This 
difference arises from the tuning operation carried out on the 
QUAD in order to favour the higher na ss peaks as discussed in 
. . 4.3/ 
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section 2 . 2 . 3 . Although the QUAD could have been tuned 
equivalently to the magnetic instrument , such tuning was not 
necessary to the requirements of the study . To ensure that 
the QUAD could be readily returned to its rate - measuring 
condition , only partial retuning was carried out for the 
purposes of takin~ spectra . Thus , relative to the CH7 , there 
is still some dis c rimination by the QUAD against low ~asses 
( <60 r.i/e), and this can be seen by comparing spectra 1 and 4 . 
However , the QUAD reta i ns suffi c ient sensitivity , at higher 
a~plificat ion than used in Spectruo 1 , to me~sure peaks 
representing bac kground air and water in the. static system 
- 8 
at 10 torr . 
The oajor peak in the spectrum of phenyl alkyl ethers is 
usually at m/e 94 which c orresponds to the phenol ion . 
McLafferty30 has suggested tha t this ion is produced in a 
process similar t o that in whi c h the vinyl ethers dissociate . 
24 Thus Beynon shows the following pro c ess : 
H (R R 
t--"'""- C 
+ I 1 Jo CH 
• • /cH 2 • + I 
0 0 CH 2 
(!) l II l ( III l 
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This peak could also be accounted for in the case of 
t - butyl phenyl ether by a fraGmen tation which involves H to 0 
bonding to form a four - centred transition state similar to 
that seen in the thermal decomposi tions of ethers , followed 
by a hydrogen migration to g ive the stable phenol ion (II). 
Momigny 5 1 has shown that migration of the oxy hydrogen to the 
ring to form the ion (II) occurs readily . The rearrangement 
leading to the peak at m/e 94 requires a phenyl alkyl ether 
with a hydroben on the alkyl carbon S to the oxycen . This is 
shown by the very soall m/e 94 peak g iven by anisole . 
The large pea~ . a t m/e 135 , that is ( P- CH
3
) +, is character-
istic of the spec tra of mo l ecules containinb the tBu group 
and is formed by a mechanism involving S cleavage . Peak 
107corresponds to the loss of c3H7 and cust involve a re -
arrangement of the t-butyl gro up . The absence of peaks 
at 120 and 105 rules out successive methyl loss as an important 
process . 
A further point of interest lies in the fact that the peak 
at o/e 95 is more intense than can be explained by the con -
tribution of the 13 c isotope to the phenol ion at m/e 94. 
McLa ffer t y 2 7 :1as noted this feature in the spectrur.1 and points 
out the non - bondinb electrons of the oxy ~e n make possible th e 
formation of additional bonds on ionization , and that this 
can lead to increased stability . Thus he suggests that m/e 
95 corres ponds to the entity c6H5 0H 2+ or possibly the pro -
tonated oxypin . 
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Products of the reaction were identified as phenol , 
M. W. ~ 94 and isobutene M. W. ~ 56 (see 4 . 2 . 2) . Thus peaks 
at m/e 135 and the parent peak at 150 m/e were considered to 
represent only the reactant . Accordingly , samples of the 
ether were distilled into the reaction vessel as described in 
2 . 5 . 1 , and the progress of the reaction was followed by 
measuring the rate of disappearance of mass peaks 135 and 
150 m/e . Rate data are summarized in section 3 . 2.3 below . 
Rate constants determ i ned via peaks 135 and 150 m/e we re id entical 
within experimental error , : urther suggesting that no significant 
product contributes to e i ther ·peak . A typical output is re -
pro duced in Fig . 2 . 19 . 
4 . 2 . 2 Mass Spectrometry - Product Identification 
Steele 1 3 has reported a preliminary investigation of the 
pyrolysis of tBuOPh and characterized the products as isobutene 
(GLC) and phenol (U . V. spectroscopy) . Measured rates of 
pressure increase corresponded to ~the rate of isobutene form-
ation . 
Corre spond ing results were obtained by Bowman, Stevens and 
Baldwin 29 wno pyrolysed t - butyl phenyl ether at 420°c and 
found that deconpos tion to phenol and isobutene was virtually 
instantaneous under their conditions . It has been further 
28 reported that ~- butyl phenyl ether rearranges on heating 
(200 - 250°C) to form p - t - butyl phenol . 29 Bowman et al • 
however, report that p- ~- butyl phenol thermally decomposes at 
. . 4 . 6 / 
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4 20°c by a radical chain mechanism to yield large quantities 
of isobutane . Isobutane was not found in significant 
quantities in this study . 
Para and meta substitution of a phenol leads to a decrease 
in the intensity of the parent peakwhich nevertheless remains 
h . h24 lg . The McLafferty type rearrangement to form m/e 94 
can no longer take place , requiring cleavage and ejection of 
the t - butyl ~roup to give the equivalent m/e peak . However , 
S cleavage of the methyl groups from the t - butyl s rou p is 
more probable . The essential si~ilarity of the mass spectra 
0 
of the ether at 130 C, where no rearrangement to g - t - butyl 
phenol is postulat e~ , and at 250°c (A ppendix 4)~ where it is 
28 predicted by Smith et al , shows that the rearrangenen t does 
not occur in the present study . 
Spectra 5 , 6 and 7 (Ap pendix 4) represent the spe ctra of 
the reaction mixture at 412°c , when the thermal decompos ition 
was nearing completion . The spectra are at 70eV , _40eV and 
20 eV electron energy . Some residual ether peaks are still 
evident at 135 and 150 r.1/e . 
Spectra 8 , 9 and 10 are of isobutene at 2io 0 c taken at 70 , 
44 and 20 eV electron energy and spectrum 11 represents the 
ma ss spectrum of phenol at 412°c (70eV) . Spectrum 12 represents 
a mixture of phenol ( M & B , sample heated at redu ced pressure 
and outgassed whilst liquid) and isobutene at 412°c (7 0eV) . 
The o ixture was not necessarily equimolar . Spectra 12 and 5 
. . 4 . 7 / 
can be seen to be very similar , confirming that the products 
were phenol and isobutene . The peak at m/e 57 in the 
spectrum of the reaction mix ture is not si~nificantly 
different from that expected for c13 c) c3H8 . Thus isobutane 
production was too small to be measured . 
4 . 2 . 3 Kinetic Results 
Table 4 . 1 below shows the me an values of first order rate 
0 0 constants measured for the temperature range 332 . 7 to 401 . 4 c . 
Skis the Gaussian standard . 
332 . 7 
343 . 8 
353 . 0 
364 . 7 
370 . 0 
380 . 4 
386 . 4 
389 . 6 
391.7 
401 . 4 
TABLE 4 . 1 
Summary of Kinetic Results 
o . Runs 
7 
8 
7 
7 
8 
9 
8 
6 
7 
12 
4 - 1 k 1 x 10 ( se c ) 
. 846 
1 . 93 
3 . 66 
7 . 97 
10 . 6 
19 . 6 
27 . 4 
31 . 4 
36 . 0 
65 . 3 
. 025 
. 11 
. 1 1 
. 08 
. 20 
. 20 
. 60 
. 30 
. 40 
1 . 2 
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= Ii (X. - X) 2 
l l 
/ (n-1) where n - 1 is the number of 
degrees of freedom. 
Initial QUAD si0 nal , and hence initial pressure , typically 
varied by a factor of 2 . 5 , although at 401 . 4°c the signal 
varied by an apparent factor of 18. As the signal was brought 
to full - scale by varying emission current, ( . 6mA to lmA) , 
a lowest factor of variation can be calculated to be 9.5. 
Thus the variation of first order rate constant with short -
recorder signal (arbitrary scale) is shown in Table 4 . 2 . 
TABLE 4 . 2 
Signal vs :First - order Rate Constant 
Signal kl X 10
3 -1 se c 
. 05 6 . 69 , 6 . 59 
. 06 6 . 45 , 6 . 60 , 6 . 39 
1.1 6 . 65 , 6 . 45 
Measurement of the rate constants by use of either the peak 
at m/e 135 or 150 led to rate constants which were essentially 
identical . Examp l es of calculated c onstants are given for 
data measured at 353 . 0°c in Table 4.3. 
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TABLE 4 . 3 
0 Measured Rate Constants via 135 and 150 m/e peaks (353 . 0 C) 
4 - 1 k1 x 10 sec (135 m/e) k 
4 - 1 
x 10 sec (150 m/e) 
3 . 51 3 . 68 
3 . 55 3 . 75 
3 . 83 3 . 64 
3 . 68 
Mean 3 . 64 Mean 3 . 69 
4 (353 . 0°c) 3 . 66 s e c- 1 kl X 10 = 
The addition of approximately 100 torr of isobutene to two 
runs at 354 . 7°c yielded rate constants of 7 . 92 and 7.96 x 10-4 
sec - las compared with 7 . 97 x 10 - 4 sec - l (7 runs) without 
addition . One hundred torr is typical of th e initial pressure 
of reactant used in this study . 
At higher t emperatures , first - order rate constants were 
normally calculated using data points up to 2\ to 3 half-l ives. 
Despite the presence of the isobutene formed at these advanced 
stages , no fall - off from the rate constant wa s found . 
The variation of first - order rate constant with temperature 
is shown in Fig . 4 . 1 which is a graph of 3 ln k 1 vs 10 /RT. 
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Fig . 4 . 1 
Variation of First - order Rate Constant with Temperature 
200 
Fitting the data in Table 4 . 1 to the Arrhenius equation 
written in the form 
- ln k = E (1/RT) - ln A 1 a 
using the method of linear least squares gives Arrhenius 
. . 4 . 11/ 
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parameters for the thermal decon~position of t - butyl phenyl 
ether as 
A = 1014 . 17 ± 0 . 19 -1 se c 
E = · 211 . 2 ! 2 . 3 kJ /mo 1 e 
a 
4 . 3 Discussion 
The mass spectral data shows that the reaction is 
described by the equation 
-+ + 
The first - order rate constants for the thermal decompostion 
are well described by the Arrhenius equation 
= 
1014 . 17 ± 0 . 19 exp ( - 211 . 2 + 
where R = 8 . 3144 x 10 - 3 kJ/mole/K 
2 . 3/RT) - 1 sec 
Expressing the activation - energy in the unit of calories , for 
the purposes of comparison with existing studies , gives 
k 1 = 
1014 . 17 ± 0 . 19 exp ( - 50,490 ± 560/RT) -1 sec 
The rate of r eaction was not dininished by the addition of 
the radical scavenger isobutene . Further, th e first - order 
kinetics were shown to hold for at least three half- lives, 
which indicates that the reaction was not subject to self-
inhibition by its product, isobutene . 
This evidence, together with the nature and simplicity of 
the products , shows that the reaction can be considered to be 
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a unimolecular elimination . 
Studies of the pyrolyses oft - butyl alkyl ethers have 
6 . 4 
shown that , for methyl 5 , ethyl and isopropyl as the 
alkyl group , the transition state favoured is the four -
centred structure (see chapter 3) and the corresponding 
structure appears likely for the unimolecular elimination 
from t - butyl phenyl ether . 
@ /Me -0-C-Me 
'- Me 
( I) 
L. 
. ' 
(II} (111} 
Benson and O' Neal have proposed techniques for the 
calculation ~f A- factors for g as - phase eliffinations proceeding 
26 
through cyclic states . This technique is based on 
values obtained in RRK~1 calculations, rotation barriers and 
symmetry factors . 
Choo et ai 23 applied this method to the calculation of the 
A factor for the pyrolysis oft - butyl methy l ether via the 
four - centred transition state . These lead to the result 
A (SOOK) ~ 10 1 3 · 9 sec - 1 . This method has been applied to the 
calculation of the A- factor for isobutene formation from 
t - butyl isopropyl ether and is detailed in Appendix 2 . 
The proposed transition ring for t - butyl phenyl ether is 
the same as that for the t - butyl alkyl ethers . If it is 
.. 4 . 13/ 
assumed that the relayed effect of the phenyl group upon 
the stretching frequencies in the transition ring makes 
4.13 
an insignificant difference from those of the alkyl group , 
then the value of A = 101 3 ·iec- 1at 800K c,alculated fort-butyl 
isopropyl ether (Appendix 2) applies to the phenyl ether . 
Using this A factor , the activation energy required to 
fit the experimental data obtained in this study becomes 
207 . 1 kJ/mole (49.5 kcal/mole) . Recalculation of the A- factor 
for 600K gives the value A~ 101 3· 8 sec -l which leads to a 
value of the activiation energy of 207 . 0 kJ/mole . 
T . t f A 1014 . 2 ± 0 . 2 he experimen al value o = - 1 sec is in 
good agreement with the predicted value and indicates that 
the transition state ( II) is a reasonable choice . 
The calculation of A- factors assumes a mechanism which 
does not inv olve heterolytic bond fission , which follows the 
trend for ethers proposed earlier4 . The role of heterolysis 
of bonds in the transition state may be further elucidated 
by examining the effect of para or meta substituents on the 
phenyl ring . 
Accordingly , the pyrolysis oft- butyl E- methylphenyl 
ether has been examined in this work and the results are re -
ported in the following chapter . 
CHAPTER 5 
THE THERMAL DECOMPOSITION OF 
r-BUTYL P-METHYLPHENYL ETHER 
5 . 1 
5 . 1 Introduction 
The chemical kinetics of the gas phase decompositions 
of aryl alkyl ethers have been less extensively studied 
than those of aliphatic ethers . The present work reports 
that the thermal decomposition oft - butyl phenyl ether is 
well described by a unimolecular elimination (see chapter 4) 
proceeding through a four - centred transition state of the 
type observed for the aliphatic ethers . 
The study of the reaction oft - butyl e-me}hylphenyl 
ether was undertaken to further characterize the mode of 
reaction of the aryl alkyl ethers and to provide information 
on the constitutional influence of substituents on the 
course of the reaction . 
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5 . 2 Experimental 
Reactions were carried out using the static reactor 
coupled to the Quadrupole mass spectrometer as described in 
chapter 2 . Specific details are described below . 
5 . 2 . 1 Mass Spectrometry - Rate Measurement 
Mass spectra measured in the study of this compound are 
reproduced in Appendix 5 . Spectra 1 , 2 and 3 were measured 
0 in the QUAD system at 250 C and employed 70 , 44 and 20eV 
ionizing electrons respectively . 
Corresponding spectra were taken using a Varian CH7 
magnetic instrument using ionizing electrons of 70 , 40, 23 , 
and 20eV . The spectrum taken at 70eV is reproduced in Spectrum 
4 . 
In these spectra , the parent peak is at 164 m/e . Methyl 
loss accounts for a major peak at m/e 149 and , as was the 
case for the unsubstituted ether , there is a small peak 
corresponding to loss of .. c3H7 . The ma
jor peak in the 
spectrum is at m/e 108 and corresponds to the p - cresol ion 
Note that the hydroxy hydrogen is considered to have migrated 
to the ring in a manner analogous to that observed with the 
phenol ion . The peak at 107 m/e which corresponds to 
+ + ( pMe - phenol - 1) is far more important than ( phenol - 1) in 
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the spectrum oft - butyl phenyl ether . Beynon (ref . 24, 
p .158) indicates that the use of labelled compounds has 
shown this relativity is due to the loss of hydrogen from 
the methyl group,and suggests that the ion may have the 
hydroxy-tropylium structure . This tendency for cresols to 
lose a hydrogen becomes important when identifying products 
of the thermal decomposition . 
The peak at m/e 91 is very common in the mass spectra of 
aromatic compounds and probably represents the seven membered 
ring (C 7H7 )+. Two fragmentation pathways exist for the cresol 
ion (m/e 108). One involves elimination of neutral CO to 
leave a peak 
structure I . 0 + ~ 
at m/e 80 which is described by 
I 
The other pathway involves elimination of . CHO to give a peak 
at m/e 79 which is given in structure II 
+ II 
This elimination is followed by further elimination of H2 to 
leave the ion at m/e 77 which is represented by 0 structure III . Peaks at m/e 39 and 51 usual 111 are 
when an aromatic ring is present. As described in chapter 
4 , there was a difference apparent in the intensities of peaks 
measured in the QUAD system , and those measured on the Varian 
CH7, which originatesin the electronic tuning . 
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In order to carry out kinetic studies the QUAD was 
retuned to optimize peaks at m/ e 164 and 149 . These two 
peaks were then scanned whilst varying the ionizing electron 
energy . The highest output voltage was found to be given 
by the peak m/e 1 49 at 44eV . 
Runs were carried out by distilling a sample of the 
ether into the reaction vessel at the desired temperature , 
and the progress of the reaction was followed by monitoring 
the intensity of peak m/ e 149 at 4 4eV . This peak represents 
uniquely the partial p r essure of reactant . 
5 . 2 . 2 Mass Spectrometry - Produ c t Identification 
The products were expected to be formed by a process 
analogous to the formation of phenol and isobutene in the 
thermal decomposition of t-butyl phenyl ether . Accordingly 
the expected products are p - methyl phenol ( p - cresol ) and 
- -
isobutene . Mass spectrometric analysis confirmed that these 
are the products of t he thermal decomposition of t - butyl 
p- me thylp he nyl ether. 
Two modes of analysis were employed . The spectra of 
the reaction mixture were compared for matching purposes with 
spectra taken of pure samples of isobutene and p - cresol . 
-
The second method of analysis made use of the fact that 
fragmentation may be reduced by the lowering of the ionizing 
electron energy . Accordingly the spectrum of the reaction 
mixture taken at 8eV showed only two peaks which did not 
correspond to residual ether . These peaks were at m/e 108 
.. 5 . 5/ 
5 . 5 
and 56 which correspond to the parent peaks of p - methyl 
phenol and isobutene. 
The spectra , 5 , 6 , 7 , 8 and 9 listed in Append ix 5 are 
those taken of the reaction mixture at 70 , 44 , 20 , lO · and 
8eV respectively for conditions when the reaction was close 
to completion at 412°c . Spectrum 10 is of a sample of 
p - cresol introduced into the reactor at 412°c and used 44eV 
-
ionizing electrons . The spectra of isobutene were recorded 
previously and have been included in Appendix 4 . Spectrum 11 
in Appendix 5 is the spectrum of a dummy mixture of pure 
samples of isobutene and p - cresol . In these mixtures , iso -
butene is in excess to clarify the positions of its peaks 
since the QUAD, as tuned~discriminates against low m/e . 
The mass spectra of aromatic hydroxy compounds are well 
reviewed by Beynon (ref. 24 , p . 153 et seq). 
The parent ion for phenol is also the base peak and (p - 1) 
is small . For the methyl and dimethyl derivatives this peak 
is large , and in fact forms the base peak for p - cresol . 
This pattern is very characteristic of cresols and 
easily distinguishes them from the isomeric benzyl alcohols. 
\ 
Labelling experiments show that the (p - 1) peak is due to 
hydrogen loss from the methyl group , and it has been suggested 
that the ion thus formed has the hydroxy tropylium structure, 
i . e . [ ( c 7H7 )OH J +. p - Cresol more readily eliminates ·CHO 
than does phenol , resulting in a large peak at m/e 79 which 
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further eliminates H2 to give a peak at m/e 77. 
Comparison of the reference spectra of the suspected 
products with those of the reaction mixture shows a good · 
match . That p - cresol and isobutene are the only significant 
products is shown by the presence of only two peaks 
correspondin g _tothe parent peaks of these molecules in the 
mass spectrum of the reaction mixture at 8 eV . That other 
peaks in the 70 eV spectrum were in fact fragment peaks is 
confirmed by examination of the trend of lowering of relative 
intensity as electron energy is lowered . These investigations 
establish that the reaction may be written 
5 . 2 . 3 Kinetic Data 
Rate constants were calculated by analysis of the rat~ 
of disappearance of the peak at m/e 149 which is unique to 
reactant . Data reduction was carried out by the method de -
scribed in chapter 2 . A typical output is shown in Fig . 5 . 1 
60 - 4 - 1 (349 . C, k 1 = 3 . 21 x 10 sec ) . 
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Fig . 5 . 1 
Typical Output : t - Butyl P- Methylphenyl Ether 
Disappearance Curve - m/e 149 
5 . 6a 
--
Table 5 .1 summarizes the resu l ts of measurement of the 
rate of thermal decomposition of p - methylphenyl t - butyl ether 
in the range 342- 401°c . 
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TABLE 5 . 1 
Variation of First - Order Rate Constant with Temperature 
T°C No . Runs k l X 10
4 - 1 Sk X 10
4 
sec 
342 . 0 4 1 . 80 . 09 
349 . 6 7 3 . 14 . 09 
354 . 2 4 3 . 48 . 13 
370 . 8 8 11 . 0 . 60 
378 . 4 4 19 . 0 1 . 4 
391 . 7 7 40 . 8 1 . 2 
397 . 4 7 51 . 0 1 . 5 
401 . 4 6 65 . 1 3 . 7 
At each temperature , runs were carried out with an 
approximately 2~- fold variation of initial pressure of reactant 
as reflected by variation in initial QUAD output voltage , 
and were followed in specific cases for several half- lives. 
Variation of first - order rate constant with initial signal 
0 
is shown in Fig . 5 . 2 for runs at 349 . 6 C. First 4 order kinetics 
were typically obeyed to 75% extent of reaction . 
.. 
6 
0 © e . 
o----------·---------·--------··-
.os .1 .15 
Signal (V) 
FIG . 5 . 2 
Variation of k 1 with Initial Signal 
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Both cyclohexene and isobutene were added to specific 
0 
runs as radical scavengers . At 375 C both cyclohexene and 
isobutene are stable 26 . At 370 . 8°c addition of excess cyclo -
hexene to a run resulted in a measured rate constant of 11 . 0 x 
10 - 4 - 1 h " h · - · 1 th f 8 "th t sec w ic is precise y e mean o runs wi ou 
cyclohexene . Addition of 95 torr of isobutene to a run at 
t his temperature gave a rate constant of 10 . 6 x 10 - 4 - 1 sec 
8 40 6 - 4 -1 Addition of cyclohexene at 37 . C gave k = 1 .5 x 10 sec 1 
- 4 - 1 
compared with the mean of 19 . 0 x 10 sec . 
Variation of first - order rate constant with temperature 
is illustrated in Fig . 5 . 3 . 
-9 
-a 
-7 
-6 
180 190 
103 /RT (molekJ -1) 
FIG . 5 . 3 
Variation of First - order Rate Constant · with Temperature . 
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The spe c ific rate of reaction over the range 432 - 401°c 
is well described by the Arrhenius equation : 
~1 
where 
= 
1014 . 19 + o . 3 5 exp( - 211 . 3± 4 . 3/RT) 
R is in kJ / mole / K 
-1 
sec 
The Arrhenius parameters were calculated by linear least 
squares fit of the dat a to the equat ion 
- ln k 1 = E (
1/ RT ) - ln A 
a 
Coefficient of c orr elat ion was 0 . 99 8. Given that the 
equation may be u sed to regenerate rate constants , the number 
of significant figures quoted is justified . 
5 . 3 Discussion 
~-Butyl E-methylphe ~yl ether decomposes in the temperature 
range 332 - 401°c to give p - methylphenol and isobutene . The 
kinetics are well d escribed by a first - order rate l a w, and 
the variation of the first - order rate constants are described 
by the equation 
= 10 Ci 4 .l9± o . 3 5 ) exp ( - 211 . 3 + 4 . 3)/RT 
where R is in kJ/mole/K 
- 1 
sec 
The simplicity and nature of the products , p - methylphenol and 
isobutene , and the lack of inhibition of the rate of reaction 
by the radical scavengers cyclohexene and isobutene , suggests 
that the process involved is one of unimolecular elimination . 
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Thus by analogy with the decomposition of the un -
substituted ether the following description of the process 
seems appropriate 
I 
-o---c-
: I 
H-- -CH 2 
II 
t + 
-Me@oH 
111 
Transition state ( II ) involves the same 4- centred trans -
ition state ring as was suggested for the thermal decomposition 
oft - butyl phenyl ether . The value of the A factor calculated 
by RRK theory depends mainly on the nature of this ring . Thus 
the A factor would be expected to be similar for both t - butyl 
phenyl ether and its p - methyl derivative . Experimental A-
-
f a ctors are 10 14 · 17 ±- 19sec- 1 an d 10 14 · 19 ±· 35 s ec- 1r e spectively 
and a re in accord with this pred iction. 
The activation energies for the decompositions of the 
two ethers are also identical within experimental error . 
Thus p - methyl substitution appears to have had little 
effect on reaction rate either by its electron inductive 
properties or by through resonance . That the process is in -
sensitive to polarization effects suggests that it involves 
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homolytic rather than heterolytic bond fission. 
The subjects of homolysis and heterolysis and the 
interpretation of this result in terms of linear free-energy 
relationships will be discussed further in the final chapter. 
CHAPTER 6 
DISCUSSION 
6 . 1 
The purpose of this study was to design and construct 
an apparatus which applied the Quadrupole Mass Spectrometer 
to the task of measuring the kinetics of gas - phase reactions 
in a classical static reactor , to verify the results obtained 
in the system by studying the kinetics of a known system, and 
to investigate the gas - phase reactions of phenyl alkyl ethers . 
The essential dichotomy of this work , then , dictates 
that this discussion chapter should be divided into two sections . 
They are a summary of the validity and potential uses of the 
QUAD system and a discussion of the kinetics and mechanism 
of the thermolysis of the phenyl ethers . In the interests of 
continuity with chapters 5 and 6 , the latter section is treated 
first . 
The vast bulk of the study of the effect of structure on 
reactivity has been on systems in solution , where solvent 
effects are sometimes of major importance . In recent years 
these studies have increasingly been extended to the gas phase . 
Reactions in the gas phase may be classified in terms of 
three types of mechanism . They are radical non - chain , 
radical chain and molecular mechanisms . 
The first type involves homolytic bond fission but the 
radicals formed do not set up self propagating chains . 
bromide is considered to decompose by this mechanism 34 . 
Allyl 
It is more common for the radicals so formed to set up 
chain reactions which may propagate through a number of steps 
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before termination . -O'lassical examples of radical chain 
processes involve initiation , propagation and termination 
and are exemplified by Rice - Herzfeld chain mechanisms which 
can lead to simple kinetic orders for complex reaction 
mechanisms . An example of this is the thermolysis of 
dimethyl ether1 . 
A third group of interest in gas phase are molecular 
reactions and these may involve either homolysis or hetero -
lysis22 , 31 . Smith and Kelly3 5 have reviewed all gas phase 
reactions which are believed to be unimolecular . Benson and 
O' Nea1 26 have compiled a critical evaluation of kinetic data 
on gas phase unimolecular reactions . 
The use of some recent techniques , such as ion cyclotron 
resonance spectroscopy ~have sounded some warning notes about 
established notions of the inductive effects of alkyl groups 
when applied to gas phase phenomena 36 . Thus Brauman and 
Blair3 7 report the results of the measurement of gas - phase 
acidities by ion cyclotron resonance and find the order of 
relative acidity to be : neopentyl alchol > t - butyl > iso -
propyl > ethyl> methyl > water ; and t - butyl ~ o - pentyl 
> u - propyl > ethyl . That is , the order is the reverse of 
the solution case . Brauman and Blair 37 suggested that t -
butoxide in gas phase is less basic than methoxide because 
those methyl groups in the butoxide are polarizable, and can 
stabilize the negative charge by an induced dipole to a 
greater extent than in methoxide . These results are supported 
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by the results of spectroscopic 38 , microwave dipole moment 39 
and 1 3c chemical shift measurements and are further supp -
orted by CNDO calculations 41 . 
Despite this, MacC011 32 , 2 2 has investigated a wide 
range of gas phase reactions and has shown the operation of 
substantial substituent effects . On the basis of the analogies 
between electronic effects in SN1 and E1 reactions in solution 
and gas - phase eliminations , t hese classes of gas - phase 
reactions are described as proceeding by means of heterolytic 
mechanisms . 
The discovery of Wagner - Meerwein rearrangements in gas -
phase42 led to the conclusion that gas - phase reactions pro -
ceeded by the same mechanisms as the rearrangements in sol -
ution , which supports the heter olyti c theory . 
For the c ase of the thermal decomposition of alkyl halides 
MacC011 31 demonstrated a correlation between heterolytic bond 
dissociation energy and activation energy according to the 
equation , activation energy , E (HX) = 0 . 29 D(R+X- ) 
a 
where D(R+X- ) 
is the energy of the process 
RX -+. R+ + X-
The semiion- ion pair theory devised by Benson and Bose~ 4 
which assumed a large but incomplete charge separation, under -
estimated the large effect of a - methyl substitution on the 
rate of reaction . The alternative model in which both the 
olefin and hydrogen halide (in the addition reaction) were 
considered to be virtually polarized parallel to their 
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reacting bonds by the equivalent of ±1 / 2e formed charges , 
also underest i mate d t he effect of a - methylation . 
MacC011 22 i dentified a spectrum of gas - phase elimination 
reactions ranging from the largely homolytic decompositions 
of cyclobutanes to the predominately heterolytic eliminations 
of the alkyl halides . Where heteralysis predominates , he 
proposes the term quasi - heterolysis to describe the process . 
The theory proposes that the l a r ger the affect of a - methylation , 
and to a lesser extent , S- methylation , on the rate of reaction , 
the greater the degree of heterolycity . Thus the reactions of 
alkyl halides are c onsid ered to be heterolytic whereas the 
decomposition of cy c lob u tanes are j u dged to be at the other 
end of the scale and are essentially homolytic . 
The comparison of the rates of thermal d ecompos iti on of 
the molecules of the type tBuOR is shown in Table 6 . 1 for 
, < 
the temperature 4oo 0 c . This temperature is chosen for 
calculation of rates since it is the upper limit of the 
temperature range for this study of tBuOPh , and is closest to 
the temperature ranges of the other studies referenced in 
Table 6 . 1 , and minimizes error due to extrapolation . 
The substituent effect of a - methyl substitution in the 
series t - butanol , ~ - butyl methyl ether , t - butyl ethyl ether 
and t - butyl isopropyl ether has little effect in reaction 
rates , which indicates that the unimolecular decompositions 
oft - butyl ethers is essentially homolytic in nature . 
However , on going from t - butyl isopropyl ether tot - butyl 
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( 4) 
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TABLE 6 . 1 
Relative Rates of Unimolecular Formation of 
Isobutene for Compounds of the Type t - BuOR at 4oo 0 c 
Compound 
t - BuOH 2 . 5 
t - BuOMe 27 . 3 
t - BuOEt 54 . 7 
-
t - BuOiPr 221 . 2 
t - BuOPh 60 , 336 
-
Relative 
Rate 
1 
10 . 9 
21 . 9 
88 . 5 
24 , 146 
Ref . 
26 Preferred 
5 
6 
4 ' this work 
This work 
phenyl ether , there is apparently a high substituent effect. 
The observed increase in rate between t - butyl isopropyl and 
phe~yl ethers is largely from the 20 kJ/mole lower activation 
energy for the t - butyl phenyl ether , which may be a reflection 
of the lower homolytic bond energy expected for (Ph O- tBu) 
compared to (alkoxy - tBu) rather than an indication of the 
importance of heterolysis. 
The suggested transition state for the reaction of ethers 
CH3 
I 
-o ---- c-cH3 
I 'I I I 
: l 
H - - - ·CH2 
{11) 
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emphasises that the olefin formed is isobutene in all of 
reactions (1) to (5) . Thus the stability of the olefin 
formed cannot explain the great increase in rate between 
reactions (4) and (5) . Unlike some reactions reported 44 , 
the incipient double bond cannot conjugate with the phenyl 
ring in the transition state . Even if such stabilization 
were possible , the double bond would need to be appreciably 
formed in the transition state for the effect to be signif-
icant . Smith et al 45 , 46 have considered such reaction 
timing improbable for the pyrolyses of arylethyl acetat e s . 
By the same argument , stability of the phenol product com-
pared to alcohol cannot have a significant effect . 
Comparison of the rate parameters for the pyrolysis of 
t - butyl p - methylphenyl ether with those fort - butyl phenyl 
ether helps resolve the question of the degree of heterolycity 
in these reactions . Relative rates at 4oo 0 c are summarized 
in Table 6 . 2 .-
TABLE 6 . 2 
Comparison of Relative Rate of Elimination of 
Isobutene for aryl t - butyl Ethers at 4oo 0 c. 
t - Butyl Phenyl Ether 
~- Butyl p - methyl pheny~ ether . · 
k 1 x 10
4 se c - 1 
1 
1 . 03 
The effect of substitution of the methyl para to the 
ether linkage is a small indicated increase in relative rat e . 
This is insignificant when taking account of experimental 
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and is not the polar effect that would be expected for 
a heterolytic mechanism involving development of negative 
character in the oxygen . The examination of Hammett - type 
a - p constants substantiates this argument . The Hammett 
equation is briefly described below 
The Hammett Equation 
The Linear Free Energy relationship known as the Hammett 
Equation was originally written in the form 
1 k . og i 1 = k poi 
0 
where originally k denoted the rate constant for a parent 
0 
benzene derivative , k 1 denoted the constants of the meta or 
para substituted benzene derivative . pis the reaction constant 
and a is the substituent constant . The relationship has been 
extensively reviewed 47 , 48 . Originally Hammett proposed that 
the linear relationship should occur for reactions where the 
entropies of activation are the same . Jaff~ 48 states that 
the Hammett relationship may hold where this is not so , but 
in all such cases , enthalpy is a linear function of entropy . 
In a number of cases of aromatic substitution , plots of 
a for para substituents were divergent compared to plots for 
the identical meta substituent . Brown and Okamoto 49 reco gnized 
that this divergence was systematic and probably due to the 
effect of resonance interaction in the para position . 
Accordingly they proposed a method for correcting this . The 
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method measured p for meta substituents for the solvolysis 
of the aryldimethylcarbinyl chlorides . This value of 
p was used to recalculate~ values for the para substituents . 
+ These new values denoted o conformed to the equation p 
log k/k = 
0 
+ po 
+ These o constants proved useful in a large number of cor-
relations and are now generally ac c epted . 
Smith et az 45 , 46 recognized the importance of the study 
of homogeneous gas - phase systems free from charge stabilizing 
salvation effects . 
Smith et al carried out correlation of p - o + in the gas 
phase for the therma l d ecompositions of 1 - arylethyl , 
2- arylethyl and 1 , 2 - diarylethyl acetates and found good 
+ correlat i ons between rates and o substituent constants . Th e 
low and negative p value observed (-8 . 66 ~at .600K ) were taken 
as signifying only a small degree of charge separation in 
the transition state . 
MacC011 50 reported that the pyrolyses of sub stitut e d 
1 - phenylethyl chlorides were described by a p value of - 1.4 . 
The magnitude of this value was taken to indicate a mo d e rat e 
degree of charge s e paration in the tran s ition s tat e , and was 
in accord with his pre viou s sugge stion 31 tha t th e t he r ma l 
decompositions of alkyl halides should be t e rme d q uas i -
heterolytic . 
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Jaff~ 48 introduced another set of substituent constants 
* originally termed a but now denoted a • These constants 
are used for substituents which are susceptible to through 
resonance and are used in correlations for the reactions of 
phenols and anilines . They are perhaps applicable to the 
thermolysis oft - butyl phenyl ethers . The indicated ratio 
of rate constants for the two phenyl ethers studied in this 
work are 
k(pMe)/k = 1 . 03 
so that log k(pMe)/k = 0 . 012 at 4oo 0 c 
The difference between the rates is not significant within 
the experimental limits given . -All that can be said with 
certainty is that the effect of p - methyl substitution is small 
for the thermolysis oft - butyl phenyl ether, indicating that 
the process involved is largely homolytic . Thus the difference 
in relative rates oft - butyl alkyl ethers and t - butyl phenyl 
ethers of a factor of 273 (Table 6 . 1) is unlikely to be due 
to the existence of a heterolytic transition state for the 
phenyl ethers , but appears to arise from the lower homolytic 
bond energy for these compounds . 
Validity and Potential of the QUAD System 
Attention is now turned to the instrumental side of this 
study . The measurement of rate data has been shown to have 
advantages when compared with a classical manometric system. 
It should be stressed at this time that the QUAD can operate 
in "total pressure" mode and so can completely duplicate the 
operation of a manometric system . Because it measures 
directly the concentration of a particular species, no 
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I 
L 
6 . 10 
assumption about the stoichiometry of the reaction need be 
made initially. 
The stoichiometry of the reaction can be established by 
elucidation of the products of the reaction by measurements 
of the mass spectru.m of the reaction mixture , at the re -
action temperature - that is "in situ ". Alternatively, rates 
measured by, say , disappearance of reactant can be compared 
to " total pressure " data which has been calculated based on 
a postulated stoichiometry . The investigation of the products 
"in situ " eliminates the possibility of apparent side reactions 
which were in fact artifacts of the techniques of collection 
and analysis of products . 
The QUAD can usefully operate over a two to three orders 
of magnitude range of amplification . Thus a reaction can be 
followed precisely to a large extent of reaction. 
This flexibility also allows measurements of reactions 
taking place at low pressures , with a loss of precision de -
pendent on the signal to noise ratio of the m/e peak being 
monitored . If this procedure is carried out , explicit all -
owance must be made for the finite sampling leak rate . In 
this study the assumption was made that 
P - 6P ~ P , that is , that the leak rate 
was negligible . Regular measurements of leak- rate using 
isobutene , and occasionally carbon dioxide, were made and 
as a worst case , the apparent first - order rate constant for 
the leak process was always more than two orders of magnitude 
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smaller than measured rates . 
The problem in monitoring the appearance of reactant-
introduced by the desired peaks having more than one source 
contributing to their intensit ~ can be more elegantly re -
solved experimentally than mathematically . The process could 
perhaps be described as the experimental analogue of decon -
volution . 
The QUAD 1100 has the capability of being controlled by 
an externally produced control ramp . Thus two m/e peaks can 
be scanned in rapid succession by the use of either of the 
two ramps shown in Fig . 6 .1. 
t 
(/) 
~ ! 0 
> 
(.) 
C 
-
2 
2 
/ 
~ 
----
time _... 
(a) ( b) 
Fig . 6 . 1 
Programmed Control Ramps 
The operation of type (a) is fairly obvious and involves 
selection of two peaks from the ramp , rather than the usual 
one . The steeper portions of type (b) are in fact steeper 
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than shown in Fig . 6 .1 and the scan - rate in those sections 
is too fast to allow chart recorder response . 
Taking .as an example the common case where the reactant 
contributes to a product peak, the technique is as follows . 
The intensities of a peak unique to the reactant and the peak 
of interest are measured at a temperature where no product is 
present . A sensitivity ratio is thus established . During 
reaction both peaks are monitored using the externally pro -
grammed control ramp . The size of the reactant peak multi -
plied by the sensitivity ratio gives the intensity which must 
be stripped from the product peaks ' signal to eliminate the 
contribution from reactant . The error in linear interpolation 
between scans 10 seconds apart would be small . From experience , 
it can be stated that this mode of operation would make digital 
data- logging a very desirable facility . Given this facility , 
competitive reactions could be readily followed using the 
QUAD system . 
I 
APPENDIX 1 A 1 • 1 
Table of Rate Constants. 
The following is a table of first-order rate constants. 
The temperature, T ,is in degrees celsius and the rate-
constants listed below the appropriate temperature represent 
k 1 X 10
4 sec- 1 . 
1.t-Butyl Isopropyl Ether 
T=432.0 T=439.7 T=447.2 T=452.3 T=453.7 T=454.5 T=456.0' 
1 • 75 
1 • 70 
1 • 85 
1 • 62 
1 • 67 
2.67 
2. 71 
2.75 
2.47 
2.67 
2.78 
2.76 
2.88 
2.73 
2.72 
2.80 
2.57 
2.82 
2.68 
2.72 
4. 17 
4.36 
4.35 
5 . 11 
5.09 
5.30 
5.50 
T=459.4 T=465.5 T=467.9 T=474.8 T=476.7 
7.47 9.82 1 2. 7 1 6. 8 20.8 
7.49 1 0. 1 12.2 1 6. 7 
7.33 9.68 1 1 . 8 16.9 
1 0. 3 12. 4 1 7. 1 
1 0. 2 1 1 . 9 1 6. 7 
9. 86 1 1 . 9 
9. 41 1 2. 7 
9.45 1 2. 0 
9. 93 1 2. 7 
9. 60 1 1 . 7 
9. 64 1 1 . 7 
1 0. 3 1 1 . 5 
1 0. 5 1 1 . 7 
1 0. 2 1 1 . 7 
1 0. 1 1 1 . 8 
9.44 1 1 . 3 
1 1 . 9 
1 2 . 1 
11 . 7 
1 1 . 9 
5.83 6.97 
6.80 
6.72 
7. 1 4 
--------------------------------------------------------------
A 1 • 2 
2 .t-Butyl Phenyl Ether. 
-------------------------------------------------------------T=332.7 T=343.8 T=353.0 T=364 .7 T=370.0 T=380.4 T=386.4 
-------------------------------------------------------------
.861 2.08 3. 51 7.95 1 0. 4 1 9. 7 26.4 
.825 1 . 92 3.55 8.09 1 0. 5 1 9. 8 28.4 
.891 1 . 83 3.68 7. 61 1 0. 9 1 9. 8 27.7 
.816 1 . 88 3.75 7 . 91 1 0. 5 1 9. 5 27.6 
. 84 9 1 . 92 3.64 7.92 1 0. 4 1 9. 7 27.3 
. 84 7 1 . 7 8 3.83 7.92 1 0. 8 1 9. 2 27.4 
.836 2.08 3.68 8.05 1 0. 9 1 9. 9 27 .5 
1 . 95 1 0. 5 1 9. 6 2 7. 1 
1 9. 4 
T=389.6 T=391.7 T=401.4 
-------------------------------------------------------------31 . 6 
3 1 • 1 
31 . 4 
31 . 7 
31 . 2 
31 . 1 
35.3 
36.0 
36.2 
36.6 
35.9 
36.5 
35.8 
64.5 
66.0 
66.9 
65.2 
6 7. 1 
64.5 
64.8 
63.6 
63.9 
65.9 
64.4 
66.5 
3. t-Butyl paraMethylphenyl Ether. 
lT=342.0 T=349.6 T=354.2 T=370.8 T=378.4 T=391.7 T=397.4 T=401.4 
I 
,---------------------------------------------------------------1.85 3.02 3.30 11.1 20.7 40.2 51 . 6 61.6 
1.89 3.26 3.56 10.8 19.4 40 .3 53.8 63.1 
1.73 3.09 3.45 10.6 17.9 39.7 49.9 69.0 
1.72 3.24 3.59 10.1 17.9 41.8 51.4 61.8 
3.15 11.8 40 .2 50.9 64.6 
3.12 11.5 43 .2 49.1 70.2 
3 .07 11.3 40 . 2 50.2 
11 • 0 
--------------------------------------------------------------
I 
CH3 
I 
H3C C 
I 
H2 C 
APPENDIX 2 
Estimation of A -factor for t-BuOi-Pr, 
Butene Formation 
CH3 CH3 
I I 
0 C-H H3 C C • 0 
I I . • 
H CH3 H2 C • H 
A 2. 1 
CH3 
I 
C-H 
I 
CH3 
Ground State Activated Complex 
--------------------------------
Bond Degen-
erac y 
C-H 1 
C-C 1 
C-0 1 
C 
H/ "-H 2 
C 
H/ ""'-c 2 
C 
c/ "-c 2 
0 
c/ ""'-c 1 
C 
C / "---o 3 
C H3 ( i r , 4 • 7 kc a 1 • ) 
t-Bu(ir, 4 kcal.) 
Freq 
cm-1 
3100 
1000 
1100 
1450 
1150 
420 
400 
400 
Saoo0 
0 
1 . 1 
0.9 
1 . 0 
1 . 8 
5.2 
2.7 
8 . 1 
5.5 
8.6 
------------------------------
Bond Degen-
erac y 
C • H 1 
C ...!- C 1 
C • 0 1 
C 
H/ • H 1 
0 • H 1 
H/c~c 1 
• c~ 
H C 1 
c~ C/ • C 2 
0 
C • "'-c 1 
C 
c,...,.. • o 2 
/.c • C • 0 1 
Freq 
cm-1 
2200 
1300 
React 
1100 
2200 
800 
800 
420 
280 
280 
280 
350 
170 
t Saoo 0 
0.2 
0.7 
Co-ord. 
0.9 
0.2 
1 . 4 
1 . 4 
5.2 
3.4 
6.8 
3.4 
3.0 
4.5 
-----------------------------------------------------------------
34.9 3 1 . 1 
t 
.6 Sint - (31.1-34.9)= - 3 . 8 Gibbs/mole 
6St - - 3 . 8 + R ln 18 ( 9 available H * 2 optical isomers ) 
- +1.94 Gibbs/mole 
Aoo -
e k T 
h 
13.5 
exp( 
- 10 exp( 1. 94/R) 
1 3. 9 
- 10 sec -1 
Estimation of A -factor for t-BuOi-Pr, 
Propene Formation 
A2.2 
---------------------------------------------------------------
Ground State Activated Complex 
-------------------------------- ------------------------------
Bond Degen-
eracy 
1 
1 
1 
2 
2 
1 
1 
2 
1 
CH 3 (ir, 4.7 kcal.) 
i-Pr(ir, 4 kcal.) 
Freq 
cm-1 
3100 
1000 
1100 
1450 
1150 
420 
400 
400 
1000 
0 
1 . 1 
0.9 
1 . 0 
1 • 8 
2.6 
2.7 
5. 4 
1 • 1 
5.5 
8. 6 
Bond 
C • H 
C-!-C 
C • 0 
I /c • 
H H 
0 • H 
H/c~c 
• C '>-.. 
H " C 
c/c~c 
. 0""" C C 
/.c. 
C 0 
C 
c/ · o 
C 
H/ • 0 
Degen-
eracy 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
Freq 
cm-1 
S~ooo 
2200 0.2 
1300 0.7 
React Co-ord. 
1100 0.9 
2200 0.2 
800 1.4 
800 1.4 
420 2.6 
280 3.4 
280 3.4 
280 3.4 
700 1.7 
350 
170 
3.0 
4. 5 
-----------------------------------------------------------------
30.8 27.0 
t b.Sint - (27.0-30.8)= -3.8 Gibbs/mole 
~st 
-
-3.8 + R ln 12 ( 6 available H * 2 opti c al isomers ) -
- + 1 . 14 Gibbs/mole -
13. 5 
Aoo - 10 exp(1.14/R) 
-
1 3 . 'J 
sec-1 
- 10 
-
A.3.1 
APPENDIX 
The following is a BASIC program written by the author 
to run on a Tektronix 4051 graphics terminal . It is used to 
calculate rate constants from QUAD rate data using a modified 
least squares method of Bevington . 
4 PAGE 
5 RUN 100 
8 RUN 400 
12 RUN 800 
100 INIT 
102 REM ** FIRST ORDER KINETICS (VERSON 2) WITH PRINTOUT ** 
105 T=O 
110 G2 =0 
120 G3 =0 
130 DIM Wl(70 ), Xl ( 70 ), Ll(7 0) 
135 Wl =O 
140 PRINT 032 , 26 : 2 
150 P=O 
160 Y=O 
170 R=O 
180 S=O 
190 U=O 
210 PRINT " TIMF.· INTERVAL 9 " . 
220 INPUT Q 
230 PRINT 
248 PRINT 
250 PRINT " BACKGROUND 9 ti • 
' 260 INPUT BO 
270 PRINT 
280 PRINT " START UNIT"· 
' 290 INPUT Sl 
300 PRINT " END UNIT"; 
310 INPUT El 
315 DUN Wl ( El+l) 
320 PRINT " INPUT " 
330 PRINT 
340 FOR l=Sl +l TO El +l 
350 Xl(l) = (I - l) *Q 
360 INPUT Wl(I) 
370 Ll(I)=LOG(Wl(I)) 
375 IF I = 25 THEN 1600 
380 NEXT I 
390 I=I-1 
395 PAGE 
400 PRINT Wl 
. 
' 
410 PRINT " J J DO YOU WISH TO EDIT - YORN 
420 INPUT 0$- -
430 IF 0$ =' N" THEN 490 
440 PRINT " J WHICH UNIT NO . ?" ; 
450 INPUT 01 
9 II • 
. ' 
460 
470 
480 
482 
485 
490 
500 
510 
520 
525 
530 
540 
550 
551 
552 
553 
554 
560 
570 
580 
590 
600 
605 
610 
620 
625 
630 
640 
650 
660 
665 
670 
680 
685 
690 
695 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
PRINT 11 J w ( II . 01. II)= II . 
' ' ' INPUT WlTOl) 
Ll(Ol)=LOG(Wl(Ol)) 
PAGE 
GO TO 400 
GOSUB 1000 
PRINT 
PRINT "CALC START UNIT"· 
' INPUT S2 
IF S2 =99 THEN 395 
PRINT "CALC END UNIT"; 
INPUT E2 
P=O 
P2 =0 
S3=0 
R2 =0 
C7=1000/(Wl(S2+1)-BO) 
Y=O 
R=O 
S=O 
T=O 
U=O 
Q9=-l 
FOR I =S2 +1 TO E2+1 
W=Wl(I ) 
W2 =C7*(Wl( I) - BO) 
IF W<O THEN 730 
W=W-BO 
X=Xl(I) 
P=P+W 
P2 =P2 +W2 
Y=Y+LOG (W) 
R=R+W*X 
R2 =R2+W2 *X 
S=S+W* X t2 
S3 =S3 +W2 *X t 2 
T=T+W* X*LOG(W) 
U=U+W*LOG(W ) 
NEXT I 
D=S*P-R t2 
R=(S* U-R* T)/D 
B=( P*T- R*U)/D 
CO=EXP(A) 
Rl= - 1 *B 
V3=CO-iSQR(S/D) 
PRINT 
800 PAGE 
810 PRINT USING 8?0 :" INITIAL COUNT", CO , V3 
820 IMAGE 13A ,1 0D ," (STD . DEV . = ", FD . lD ," )" 
830 IMAGE 13A , 2E ," (STD . DEV .= ",2E,")" 
840 PRINT USING 830 : " RATE ", Rl , SQR(P/ D) . 
A.3 . 2 
' 
850 
860 
865 
866 
867 
870 
880 
890 
900 
905 
906 
907 
910 
920 
930 
933 
934 
935 
940 
950 
960 
970 
975 
980 
1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1228 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
USING 830 :" RATE "., Rl/6.o., SQR CP ID 2 6 o PRINT 
PRINT 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
PRINT 
USING 866 : SQR(P2/(S3 *P2 - R2t 2)) 
" COMPARISON STD DEV=" 2E 
' 
" (HALF- LIFE= ", 4E , 10A ," ---- STD.DEV . 
" DO YOU WISH TO REGRAPH (1 7 .·YES , 2- NO) "; 
INPUT G2 
FOR Il=Sltl TG El+l 
Ll(Il) =LOG(Wl(Il) - BO) 
NEXT Il 
IF Q2 =1 THEN 930 
GO TO 970 
GOSUB .10 00 
PRINT " PRINTOUT? (1 - YES , 2- NO) "; 
INPUT G2 
IF G2=1 THEN 1700 
A.3 . 3 
=" 4E ")" 
' ' 
PRINT " DO YOU WISH TO RECALCULATE? (YES - l,N0- 2) " ; 
INPUT G3 
IF G3 =1 THEN 510 
PRINT @32 , 26 : 0 
PAGE 
END 
PRINT " END UNIT FOR TIME PLOT : tt . 
' PRINT @32 , 26 : 1 
INPUT A 
DELETE Bl 
DIM Bl( A+l) 
Ml =l . OE +300 
M2 =- l . OE+300 
FOR I=Sl +l TO A+l 
Bl ( I) +Ll ( I) 
Ml=Bl ( I) MIN Ml 
M2 =Bl ( I) MAX M2 
NEXT I 
PAGE 
VIEWPORT 15 , 130 , 10 ~90 
WINDOW O, A, Ml , M2 
AXIS l ,( M2 - Ml)/10 
MOVE Sl , Bl ( Sl+l) 
IF G2=1 THEN 1220 
FOR I=Sl +l TO A+l 
DRAW I - 1 Bl(I) 
NEXT I 
GO TO 1280 
FOR I=Sl+l TO A+l 
MOVE I - 1,Ll(I) 
DRAW I - 1 , Ll(I) 
NEXT I 
MOVE 0 , LOG(CO) 
DRAW A, LOG(CO +- l*Rl*A *Q 
VIEWPORT 0 , 130 , 10 , 90 
MOVE O, Ml 
I 
1300 PRINT Ml 
1310 MOVE O, M2 
1320 PRINT M2 
1330 VIEWPORT 0 ,1 30 , 0 , 100 
1340 MOVE 0 , Ml 
1350 PRINT " VERTICAL AXIS TIC INTERVAL= ",(M2-Ml)/10 
1360 MOVE O, M2 
1370 PRINT " LOG PLOT" 
1380 VIEWPORT 15,130,0,100 
1390 FOR I =l TO A+l 
1400 
1410 
1420 
1430 
14 .~ 0 
1480 
1490 
IF INT(I/10) -I/1 0 =0 THEN 
GO TO 144 
MOVE I , Ml +( M2 - Ml)/10 *0 . 6 
PRINT " H "· I 
' NEXT I -
HOME 
PRINT .@ 3 2, 2 6 : 2 
1500 RETURN 
1600 PAGE 
1610 GO TO 380 
1700 PRINT @37 , 26 : 1 
1706 PRINT " I - D # "; 
1707 INPUT Z$ 
1708 PRINT @l :" I - D NO .-", Z$ 
1420 
1710 PRINT @l : USING 1720:"INITIAL COUNT", CO,V3 
1720 IMAGE 13A,10D," (.STD. DEV . =",FD~lD,")" 
1730 IMAGE 13A,2E," ( STD . DEV . =",2E,")" 
1740 PRINT @l : USING 1730:"RATE ",Rl,SQR (P/D) 
1750 PRINT @l: USING 1730:"RATE ",Rl/60,SQR(P/D)60 
1760 PRINT @l : 
1765 PRINT @l : USING 1766:SQR (P2/(S3*P2-R2t2)) 
1766 IMAGE !!COMPARISON STD DEV= ", 2E , 2L 
A. 3.4 
1767 PRINT @l : 
1770 IMAGE "(HALF-LIFE= ", 4E , 10A, "----STD.DEV. =", 4E ," )" 
1780 PRINT @37 , 26 : 0 
1790 GO TO 940 
A.3.5 
Steps in the Use of BASIC Program . 
1 . Start program by RUN or press user definable key 1. 
By answering prompts . 
2 . Input time interval in minutes. 
3 . Input background value . 
4 . Input start unit (0 if first data point is zero time 
value . 
5 . Input end unit . 
e . g . 5 minutes run , 1 minute time interval if start 
unit= 0 then end unit= 5 . 
6 . Input data points to answer "?" prompt . 
7 . On entry of last data point screen will clear and 
input data listed . 
8 . Answer .Y or N to whether you wish to edit the data . 
If Y then program interrogates for answer to "which 
points" . 
9 . If no editing , program interrogates for "end unit of time 
plot ". 
10 . The natural logarithm of the QUAD signal is plotted 
against time up to the stated end unit. 
always expanded to maximum size . 
The graph is 
11 . Interrogation proceedsto discover the range for calculation. 
First question is " start unit for calculation" . If the 
plot has a "kink " suggesting data is still incorrect 
type "9 9" . The data is redisplayed and the process re -
peated from step 8 . Otherwise enter start unit for cal-
culation then on interrogation, the end unit of the curve -
fitting range . 
. .. A.3 . 6/ 
A.3.6 
12 . The screen is cleared and the values for the rate 
constant in the units of sec - land min- l together with 
their standard deviations displayed. Also displayed is a 
standard deviation which has been calculated from a 
curve fit where all input data values have been 
normalized so that the first point has a value corres-
ponding to full - scale deflection on the chart output. 
It therefore reflects the effect on standard deviation 
of the number of data points and their goodness of fit 
only . 
13 . The system used had hard copy facilities so the user is 
asked " Do you want hard - copy - Y or N." 
14 . The next question is " Do you wish to re graph '?" If "N" 
then the program is terminated . If "Y" the user is 
interrogated for end unit of plot and ln (signal) versus 
time is plotted " maximum size", the data points as dots 
and the " line of best fit " as determined by the pre -
ceding calculation drawn through them. 
15 . The user is then asked "Do you wish to recalculate?." If · 
"N", program is terminated . 
repeated from step 12 . 
If "Y" the process is 
16 . After termination and before restart by RUN or user 
definable key 1 the user may re - enter the program: 
a . At the data listing by RUN 400 or user definable key 2. 
b . At the rate constant listing by RUN 800 or user 
definable key 3 . 
1 
I 
-
APPENDIX 4 
Mass Spectra oft-Butyl Phenyl Ether 
and Thermal Decomposition Products 
A 4 . 1 
All spectra reproduced on the following pages were taken 
1n situ in the reaction vessel using an EAI QUAD 1100 mass 
spectrometer unless otherwise stated. 
The following parameters are common to all QUAD spectra 
shown. 
Electrometer amplifier gain - 10 6 volt/amp 
Electrometer amplifier risetime - 0.01 msec 
Scan rate - 500 sec/ 300m/e 
Chart speed - 2 cm/min 
** 
SPECTRUM: 1 
I SAMPLE . Phenyl t-butyl ether . 
I ' 
I 
' 
I TEMP C . 25.0 
I 
. 
' 
I mV /1 00 div . 100 
I • • 
I eV: 10 
' Emission mA: 6 • 
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** SPECTRUM: 2 ~L I . I SAMPLE: Phenyl t- butyl ether 
TEMP C: 
mV/100 div.: 
eV: 
250 
100 
40 
t" h 
Emission mA: . 6 
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** SPECTRUM: 3 SAMPLE: Phenyl t-put yl ether 
' 
TEMP C: 250 . . 
' 
mV/100 di V.: 100 
eV: 20 
Emission mA: . 6 
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** SPECTRUM:4 
SAMPLE: Phenyl t-butyl ether 
CH7 spectrum 
TEMP C: 130 
mV / 100 div . : 
eV: 70 
Emission mA: 
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** SPECTRUM: 5 
SAMPLE: Phenyl t-butyl ether 
Reaction mixture 
TEMP C: 
mV/100 div.: 
eV: 
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** s PECTRUM: 6 
SAMPLE: Phenyl t-but yl ether 
Reaction mixture 
TEMP C: 412 -
-,, 
00 div. . 100 . mV /1 
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eV: 40 
Emis sion mA: .45 
. 
-~ 
I 
-..-
I"' 
' 
·-
-t 
I 
·- -
---
-
, _ 
-----
,- ·-
-
-
- ·- -
- --
-- ·---
·--
·-1-- ·-~ --
-
--
--
-
--
--
--I 
I-- 1-- ,... -- --~ ~ .... 
rt) _ L __ -"' - ~-
--
~ -
-
. 
--- -- -
- --- --- -- -
-
--
i-- -- -- - - -
I ,_ ,_,___ -
--
I 
- -
~ 
-
I- ---- ·-
~-
--
-
--+- I ~ I - ·- I--I . - f--I--I 
I 
-i--f-- - --- -- -- --I I -
---i-- I 
- - -- -
-
I I 
.--
I 
I 
I 
I -
·-
I 
- I I l 
I I 
I 
- ~ 
- -
--- -
I 
I -
I I I 
! I bA 
I I I 
-
i I I ; 
I I 
I I 
I I I 
-
- I 
"" ... 
I 
l I 
I 
I 
• I j I I I •• I U I ••• ii, •• I .I l.J • I llll -
' 
I I I 
-
--
' 
' 
- I 
-
-
--
' 
I I 
I I 
I 
I 
-
I 
I 
-
I I ' -, 
- --- ----
----- -----
-------
----
** s PECTRUM: 
SAMPLE: 
T 
mV /1 
EMP 
00 div 
C: 
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** SPECTRUM: 8 
SAMPLE: Isobutene 
TEMP C: 250 
mV/100 div.: 50 
eV: 70 
Emission mA: . 6 
** SPECTRUM: 9 
SAMPLE: Isobutene 
TEMP C: 250 
mV/100 div.: 50 
eV: 40 
Emission mA: . 6 
** SPECTRUM: 10 
SAMPLE: Isobutene 
TEMP C: 250 
mV/100 div.: 50 
eV: 20 
Emission mA: . 6 
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** SPECTRUM: 1 1 SAMPLE: Phenol 
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Emission mA: . 8 ' 
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** SPECTRUM: 
SAMPLE: 
TEMP C: 
mV/100 div.: 
eV: 
Emission mA: 
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APPENDIX 5 
Mass Spectra oft-Butyl p-Methylphenyl Ether 
and Thermal Decomposition Products 
A 5. 1 
All spectra reproduced on the following pages were taken 
in situ in the reaction vessel using an EAI QUAD 1100 mass 
spectrometer unless otherwise stated. 
The following parameters are common to all QUAD spectra 
shown. 
6 Electrometer amplifier gain - 10 volt/amp 
Electrometer amplifier risetime - 0.01 msec 
Scan rate - 500 sec/ 300m/e 
Chart speed - 2 cm/min 
aux I 00 I /oa../ OJ.d 
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** SPECTRUM: 
SAMPLE: 
C: TEMP 
mV/100 div.: 
eV: 
Emission mA: 
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** SPECTRUM: 2 
SAMPLE: 
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** SPECTRUM: 3 SAMPLE: p-methyl phenyl 
t-butyl ether 
TEMP C: 250 
mV/100 div 100 . • . 
eV: 20 
Emission mA: . 5 
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mV / 100 div • : 
4 CH7 Spectrum 
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** SPECTRUM: 6 -SAMPLE: pMe Ph-0-tBu 
- Reaction mixture 
TEMP C: 412 
mV/100 div.: 50 
- eV: 44 -
Emission mA: . 6 
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** SPECTRUM: SAMPLE: 
C: TEMP 
rnV/100 di V.: 
eV: 
Emission mA: 
7 
pMe Ph-0-tBu 
Reaction mixture 
412 
50 
20 
.75 
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** SPECTRUM: 
SAMPLE: 
TEMP C • 
mV/100 div.· 
eV: 
Emission mA: 
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